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ABSTRACT OF DISSERTATION

LIMB DEVELOPMENT IN SALAMANDERS: AN EVOLUTIONARY
PERSPECTIVE TO THE TETRAPOD LIMB
Vertebrate limb is an ideal model to study growth, patterning and morphogenesis
and the interplay between these processes. The developing limb bud is a three-dimensional
structure and its outgrowth depends on the interaction between 2 important signaling
centers: the Apical Ectodermal Ridge (AER) at the junction of the dorsal and ventral halves
of the limb bud and the Zone of Polarizing activity (ZPA) in the posterior mesenchyme.
These centers produce their respective key molecules and the close interplay between them
specifies structures along the anterior-posterior (thumb to pinky), proximal-distal (shoulder
to fingertips) and dorsal-ventral (knuckle to palm) axes.
Developmental biologists have extensively studied the limb using amniotes like
chicken and mouse and have put forward comprehensive models for limb development
based on experimental embryology and molecular genetics. Although decades of studies
have produced a molecular model for tetrapod limb development, urodeles
(salamanders/tailed amphibians) deviate from all other tetrapods in at least two key
respects: their limbs exhibit pre-axial skeletal specification where skeletal chondrification
proceeds anterior to posterior within the zeugopod and autopod and their limb buds do not
develop an apical ectodermal ridge (AER). In this dissertation, I have specifically looked
into forelimb development in Mexican axolotl (Ambystoma mexicanum) by characterizing
the spatial domains and analyzing the functional role of the centers required for patterning
along the 3 axes.
Chapter 3 dissects the spatio-temporal domains and the functional role of AERFgfs and the ZPA molecule Shh during axolotl limb development. Functional studies were
done using pharmacological inhibitors: Fgf-receptor inhibitor SU5402 and smoothened
antagonist cyclopamine. Chapter 4 further examines the role of Shh during axolotl limb
development using a small molecule inhibitor BMS-833923 and CRISPR/Cas9 system.
Chapter 5 is a spatio-temporal characterization of the dorsal-ventral polarity genes: Wnt7a,
Rfng, Lmx1b and En-1. Finally, chapter 6 discusses the significance of the results and
focuses on the evolutionary aspects.
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CHAPTER 1. INTRODUCTION
1.1

Vertebrate limb development
The vertebrate limb is an ideal model to study how growth, patterning, and

differentiation are coordinated during embryonic development. The developing limbs
arise from the body wall as small, paired buds at specific positions along the anteriorposterior body axis and grow out to become complex structures comprised of bones,
muscles, tendons, ligaments, nerves, blood vessels and nails, covered by skin (Tickle,
2015). The limb mesoderm is derived from the somatopleure of the lateral plate mesoderm
(LPM) while the nerves and muscles are derived from progenitors that emerge from the
spinal cord and somites respectively (Pearse II et al., 2007). As a three-dimensional
structure undergoing morphogenesis, outgrowth of the limb bud in amniotes depends on
the reciprocal interaction of two important signaling centers: the Apical Ectodermal Ridge
(AER) at the junction of the dorsal and ventral halves of the limb bud, and the Zone of
Polarizing Activity (ZPA) in the posterior mesenchyme (Figure 1.1). The close interplay
between the key regulatory signals of these centers, and additional signals from the dorsal
and ventral limb bud compartments, specify skeletal structures along the anterior-posterior
(thumb to pinky), proximal-distal (shoulder to fingertips) and dorsal-ventral (knuckle to
palm) axes. As such, the epithelial-mesenchymal feedback loop between these centers is
indispensable for limb bud outgrowth (Laufer et al., 1994; Michos et al., 2004; Niswander
et al., 1994; Zúñiga et al., 1999).
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Figure 1.1 AER and ZPA in a developing limb bud of amniotes.
(A) Limb bud along the anterior-posterior axis with AER (blue) at the tip and ZPA (orange)
in the posterior. (B) Limb bud along the dorsal-ventral axis.

While the chick and mouse are excellent models for developmental biologists,
from an evolutionary perspective, we are inclined to scrutinize if the genetic limb program
derived from these embryos represents a conserved developmental program across all
vertebrate paired appendages. This chapter will focus on topics that include discussion of
forelimb outgrowth in amniotes, proximal-distal, anterior-posterior and dorsal-ventral
patterning of the amniote forelimb, evolution of locomotory appendages in vertebrates, the
fin to limb transition and why we should study the limb development in urodeles.

1.2

Initiation and outgrowth of amniote forelimbs
A combination of fate mapping, cell transplantation and functional studies in chick

and mouse embryos have dissected the initiation of forelimb bud development. The
2

following subsections will focus on how forelimb progenitors are positioned, how polarity
in the forelimb field is established and how outgrowth is initiated based on studied
conducted primarily in chick and mouse embryos.
1.2.1

Progenitor cell positioning and formation of the limb field

Forelimbs are appropriately positioned at the cervico-thoracic vertebrae boundary
based on the anterior-posterior gradient of retinoic acid (RA), 3’Hox genes and Oct4
transcription factor (reviewed by McQueen and Towers, 2020). Within the primitive
streak, the expression of 3’Hox genes (e.g., Hox4-9 paralogous groups) are regulated by
RA while the expression of 5’Hox genes (e.g, Hox10-13 paralogous groups) are repressed
by transcription factor Oct4 (Aires et al., 2016; DeVeale et al., 2013; Langston and Gudas,
1994; Moreau et al., 2019) (Figure 1.2A). Functional inactivation of Hoxb5 in mouse and
overexpression of a dominant negative form of Hoxb4 in chick mesoderm cells resulted in
an anterior shift of the forelimbs (Rancourt et al., 1995). Functional inactivation or an
extended duration of Oct4 expression in mice resulted in posterior truncations in the former
and trunk elongations in the latter case (Aires et al., 2016; DeVeale et al., 2013).
By stage 7-8 (two-somite stage) in chick embryos, mesodermal cells destined to
reach the wing bud position have completed their migration during gastrulation and
reached specific anterior-posterior positions within the primitive paraxial mesoderm on
either side of the midline (Chaube, 1959; Rosenquist, 1971; reviewed by Tickle, 2015)
(Figure 1.2B). Shortly after gastrulation, mesenchymal cells of the notochord, somites,
intermediate mesoderm and lateral plate mesoderm (LPM) undergo reepithelization with
apical (F-actin) and basal (laminin) epithelial markers (Gros and Tabin, 2014).

3

Figure 1.2 Progenitor cell positioning and formation of the limb field. (A) Retinoic
acid gradient and Oct4 set up the Hox paralogous group (PG) gene gradient along the
anterior-posterior axis within the primitive streak. (B) Presumptive wing cells (purple dots)
reach the wing field post gastrulation at stage 7-8 (2-somite stage). Abbreviations: LPM
(Lateral Plate Mesoderm), IM (Intermediate mesoderm). Images adapted from McQueen
and Towers 2020 and Tickle, 2015.

1.2.2

Setting up polarity within the forelimb field

After migrating to the forelimb field, limb progenitor cells within the lateral plate
mesoderm become polarized along the anterior-posterior and dorsal-ventral axes at prelimb bud 9 to 10- and 13-somite stages respectively (Altabef et al., 1997; Chaube, 1959;
Kimmel et al., 2000; Michaud et al., 1997) (Figure 1.3). In mouse forelimb field, the
anterior and posterior polarity within the lateral plate mesoderm is established by RA that
regulates the expression of Hox5 paralogous groups in the anterior and Hox9 paralogous
groups in the posterior (Xu et al., 2013; Xu and Wellik, 2011) (Figure 1.3A).
Dorsal-ventral polarity is established in presumptive limb mesoderm prior to limb
bud outgrowth at stage 12 (16-somite) (Geduspan and Maccabe, 1989; MacCabe et al.,
1974; MacCabe et al., 1973; Saunders Jr and Reuss, 1974). At stage 13 (19 to 20-somite
4

stage), dorsalizing and ventralizing signals emanate from the somites and the lateral
somatopleure respectively and these signals are then transferred to the overlying ectoderm
(Michaud et al., 1997) (Figure 1.3B). Later, these signals were identified as Bmps from
the lateral plate (prospective ventral body wall) and Noggin in the somites (Pizette et al.,
2001). The dorsal and ventral ectoderm of the future wing bud are derived from the
ectoderm overlying the somites and the lateral somatopleure respectively, while the AER
is derived from the ectoderm over the medial somatopleure (Michaud et al., 1997) (Figure
1.3B).

Figure 1.3 Setting up polarity within the forelimb field. (A) Retinoic acid and Hox
paralogous group (PG) genes set up the polarity along the anterior-posterior axis in the
limb field. (B) Dorsalizing and ventralizing signals emanate from the somites (yellow dots)
and the lateral plate (prospective ventral body wall, red dots) respectively and these signals
are then passed on to the overlying ectoderm. The ectoderm over the medial somatopleure
is the prospective-AER (blue dots). Abbreviations: Som (somites), LPM (Lateral Plate
Mesoderm), Sm (somatopleure), Sp (Splanchnopleure). Images adapted from McQueen
and Towers 2020 and Michaud et al., 1997.
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1.2.3

Limb bud initiation

As the coelomic cavity forms between stages 10-14 (10-20 somite stage), the LPM
splits into an upper layer (somatopleure) and a lower layer (splanchnopleure) (Funayama
et al., 1999) (Figure 1.3B). Studies in mouse have shown that Tbx5 induction via 3’ Hox4
and Hox5 paralogues, canonical Wnt-signaling, and RA within the LPM are required for
forelimb bud initiation (Minguillon et al., 2012; Nishimoto et al., 2014; Nishimoto et al.,
2015). Tbx5 is induced in the presumptive chick wing LPM around stage 13 (19 to 20somite stage) (Saito et al., 2002) (Figure 1.4A). In mouse, Tbx5 is indirectly regulated by
RA by repressing Fgf8 along the body axis (Cunningham et al., 2013) (Figure 1.3A). Later,
Fgf10 expression is initiated by Tbx5 in the LPM (Agarwal et al., 2003; Ng et al., 2002)
(Figure 1.4A).
At stage 13 (19 to 20-somite stage), the somatopleure is single cell layered, pseudostratified columnar epithelium with F-actin, N-cadherin, ß-catenin and atypical protein
kinase C (aPKC) localized at the apical end, vimentin at the basal end and laminin localized
at the basal side (Gros and Tabin, 2014). At stage 14-15 (~23-somite stage), cells within
the somatopleure undergo an Epithelial-Mesenchymal Transition (EMT) and the forelimb
bud mesenchyme becomes visible with enriched vimentin expression, simultaneous loss of
polarized localization of the apical end markers and breakdown of laminin. The mouse
embryo displayed similar vimentin and ß-catenin dynamics within the somatopleure
through stages E8.75, E9.0 and E9.25 (Gros and Tabin, 2014). Knockout studies in mice
showed that Tbx5 and Fgf10 partially induce an EMT in the somatopleure epithelium
beneath the presumptive limb field and lead to limb bud initiation (Gros and Tabin, 2014).
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At these early stages, several signaling pathways are essential for establishing the
three axes within the limb bud. At stage 15 (24 to 27-somite stage), dorsal-ventral polarity
is determined with Bmps and Engrailed-1 (En-1) expressed in the ventral ectoderm and
Wnt7a expressed in the dorsal ectoderm (Altabef et al., 1997; Geduspan and Solursh, 1992;
Logan et al., 1997; Michaud et al., 1997; Pizette et al., 2001) (Figure 1.4 B). At stage 16
(26 to 28-somite stage), proximal-distal polarity is initiated with Fgfs. Fgf8 is expressed in
wing bud ectoderm cells which will later form the AER (Crossley et al., 1996; Mahmood
et al., 1995). Fgf8 expression in the limb bud ectoderm is induced by mesenchymal Fgf10
and an epithelial-mesenchymal feedback loop is established between Fgf8 and Fgf10 with
the involvement of Wnt-signaling and Sp6 and Sp8 transcription factors (Barrow et al.,
2003; Haro et al., 2014; Kawakami et al., 2001) (Figure 1.4 C). Fgf10, Fgf8 and the
epithelial-mesenchymal feedback loop between them is required for proximal-distal
outgrowth of the limb (Mariani et al., 2008; Min et al., 1998; Ohuchi et al., 1997; Sekine
et al., 1999; Xu et al., 1998). Additionally, limb outgrowth from the interlimb of a chick
embryo can be induced by an Fgf2-soaked bead (Cohn et al., 1995a).
Finally, anterior-posterior polarity is established within the limb bud at stage 17 (29
to 32-somite) with polarized Shh expression. Shh expression is induced in the posterior
mesenchyme (ZPA) via Hand2 downstream of RA and Hox9 paralogous groups while Shh
expression is repressed in the anterior mesenchyme of the forelimb bud via Hox5
paralogous groups and Plzf transcription factors (Riddle et al., 1993; Xu et al., 2013; Xu
and Wellik, 2011) (Figure 1.4 D). Shh expression is further suppressed in the anterior by
Gli3, Sal4, Gata4 and Gata6 (Akiyama et al., 2015; Hayashi et al., 2016; Kozhemyakina et
al., 2014). Deletion of all Hox9 paralogous groups in mouse embryos resulted in loss of
7

Shh expression while deletion of all Hox5 paralogous groups resulted in an ectopic anterior
Shh domain (Xu et al., 2013; Xu and Wellik, 2011).
Studies in chick at stage 17-18 (29 to 36-somite stage) found that a localized
upregulation of cell proliferation at specific positions along the anterior-posterior body axis
was responsible for limb initiation and that EMT preceded this step (Gros and Tabin, 2014;
Searls and Janners, 1971). At stage 18 (30 to 36-somite stage) the distal tip of the limb bud
thickens to form the AER (Crossley et al., 1996).

Figure 1.4 Limb bud initiation. (A) Tbx5 is induced at the forelimb level and it in turn
induces Fgf10 within the LPM at stage 13 (19 to 20-somite stage). (B) Dorsal-ventral
polarity is set up in the limb with Wnt7a expressed in the dorsal ectoderm and Bmps and
En-1 expressed in the ventral ectoderm at stage 14-15 (23 to 27-somite stage). (C) Fgf10
induces Fgf8 expression in the ectoderm via Wnt3a and Sp6/Sp8 and this forms an
epithelial-mesenchymal feedback loop at stage 16 (26 to 28-somite stage). (D) The
anterior-posterior polarity is set up within the early limb bud with the polarized Shh
expression at stage 17 (29 to 32-somite stage). Abbreviations: Som (somites), LPM
(Lateral Plate Mesoderm). Images adapted from McQueen and Towers 2020.
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1.3

Proximal-distal and anterior-posterior patterning of the amniote forelimb
1.3.1 The Apical ectodermal ridge (AER) and proximal-distal patterning of
the limb
The AER is an essential signaling center for limb outgrowth and proximal-distal

patterning. Structurally, the AER is a layer of thickened ectoderm that runs along the
dorsal-ventral boundary of the limb bud tip. The discovery of this structure was accidental.
In an interview with John F. Fallon, John W. Saunders, Jr. described the Nile blue sulphate
stain that revealed a thickened epidermal ridge in the chick limb bud (Saunders Jr, 2002).
Since this point, extensive studies have revealed the necessity of this small structure for
limb development. Removal of the AER resulted in limb truncations, and the earlier the
removal, the more proximal the resulting skeletal truncations (Saunders Jr, 1948). Cell
tracing using lipophilic dyes showed that the AER arises from cells in the dorsal and
ventral ectoderm even before limb buds were visible (Altabef et al., 1997).

Analysis of

homozygous recessive wingless mutants that exhibited a normal wing girdle with no limbs
or a small humeral stump, revealed that the developing limb buds in these embryos
exhibited small, regressing AERs (Zwilling, 1956b).

Additionally, combining two

ectodermal jackets with one mesodermal core gives rise to two limbs in the chick and
grafting an isolated AER onto the dorsal surface of a wing bud results in a complete wing
tip (Saunders Jr and Gasseling, 1968; Zwilling, 1956a). All of these experiments
convincingly support a role for the AER in promoting limb bud outgrowth.
The primary functional signals of the AER include members of the Fgf family
(Fgf2, Fgf4, Fgf8, Fgf9 and Fgf17). These Fgfs were discovered to mark either parts or
the entire AER and later were demonstrated to sufficiently replace the role of the AER.
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Specifically, exogenous Fgf4, Fgf2, and Fgf8 can substitute for the growth promoting role
of the AER if it is removed (Crossley et al., 1996; Fallon et al., 1994; Niswander et al.,
1993; Sun et al., 2000; Vogel et al., 1996). Mouse transgenic studies further showed that
Fgf8 alone was sufficient for normal limb development and that each AER-Fgf contributed
to the net AER-Fgf signal (Mariani et al., 2008). AER-Fgfs not only control proximaldistal outgrowth of the limb, but also sustain cell survival (Mariani et al., 2008; Saunders
Jr, 1948).
The AER is a transient structure. The mouse AER eventually regresses after E12.5,
with very small pieces of the AER persisting in the ventral ectoderm atop the digit tips
after E16.5 (Guo et al., 2003). The AER in chick also regresses and only the most proximal
cells in the AER contribute to the lateral ectoderm (Vargesson et al., 1997).
A few models have been developed to explain how the axial skeleton is specified
along the proximodistal axis of the vertebrate limb based on surgical manipulations in
chick and molecular genetic perturbations in mouse. (1) Progress zone model: The
progress zone refers to a population of undifferentiated mesenchymal progenitors lying
immediately below the AER (Summerbell et al., 1973b). These mesenchymal progenitors
in the distal limb bud are maintained in a proliferative and an undifferentiated state by
AER-Fgfs (Fallon et al., 1994; Ros et al., 1992; Shen et al., 1997). According to this
model, progressive skeletal specification along the proximal-distal axis of the limb
depends on the time the mesenchymal progenitors have spent in the progress zone
(Niswander et al., 1993; Summerbell, 1974). Mesenchymal progenitors that exit first from
the progress zone form the proximal humerus and the ones that exit later form
progressively more distal structures. The AER-Fgfs thus provide a signal for proliferation
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while specification along the proximal-distal axis is controlled by the 5’Hoxa and Hoxd
genes with Hox9 and Hox10 specifying the upper arm, Hox11 specifying the forearm and
Hox12-13 specifying the wrist and hand plate (Zakany and Duboule, 2007). (2) Twosignal model: According to this model, proximal-distal skeletal specification is
cooperatively done by two opposing molecular signals, retinoic acid (RA) and Fgfsignaling. This model proposes that retinoic acid secreted by the flank and Fgfs secreted
by the AER mediate skeletal patterning along the proximal-distal axis (Mercader et al.,
2000).

This model differs from the progress zone model in that specification of

mesenchymal progenitors depends on the type and concentration of the molecular signals
received by these cells. Further support for this model came from the extensive genetic
analysis of AER-Fgfs (Fgf4, Fgf8, Fgf9, Fgf17) in mice that established the instructive
role of AER-Fgfs in both outgrowth and patterning of the limb (Mariani et al., 2008; Sun
et al., 2000). Overtime, RA is cleared from the distal mesenchyme by RA-degrading
enzyme Cyp26b1 induced by the AER-Fgfs (Probst et al., 2011). A more proximal fate
is specified by RA activated Meis1 and Meis2, while RA is cleared from the distal end by
a combination of active degradation and displacement by growth to activate Hoxa/d11-13
gene expressions (Cooper et al., 2011; Roselló-Díez et al., 2014; Roselló-Díez et al., 2011).
Meis1 and Meis2 expression along the proximal-distal axis of a limb bud is regulated by
the Fgf-RA ratio. The positional values along the proximal-distal axis are specified by
Meis1 and Meis2, with high, intermediate and low levels of expressions specifying
proximal, intermediate and distal positional values respectively (Delgado et al., 2020). (3)
Signal time model: Studies in chick have put forward this model where the more proximal
positional values (i.e. stylopod) are specified by the instructive external signals discussed
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above while the more distal positional values are specified by an intrinsic timer, i.e. the
distal mesenchyme cells display an age-related activation of Hoxa/d11 for zeugopod
specification and then the activation of Hoxa/d13 for autopod specification (Saiz-Lopez et
al., 2015).
1.3.2 The Zone of polarizing activity (ZPA) and anterior-posterior
patterning
A signaling center for anterior-posterior patterning was first postulated after
experiments with recombinant chick limbs. Grafts between normal chick limbs and
polydactylous chick mutant limbs suggested a signal in the posterior wing bud mesoderm
that gave the posterior AER a thickened morphology (Zwilling and Hansborough, 1956).
This theoretical signal was termed the Apical Ectoderm Maintenance Factor (AEMF).
Corroborating evidence for the presence of this factor came from surgeries where just the
distal tip was rotated through 180o and grafted back on the stump that resulted in the
thickening of the AER over the anterior tip and eventually mirror image duplicated pattern
of digits (Saunders Jr and Gasseling, 1968). Saunders also noticed a prominent but
transient region of cell death in the posterior mesenchyme over which the AER flattened
out as the limb elongated. He named this region the Posterior Necrotic Zone (PNZ)
(Saunders, 1966). Transplanting the PNZ either to the apex or to the anterior margin of
the wing bud resulted in a mirror image pattern of duplicated digits (Saunders Jr and
Gasseling, 1968). In the following studies led by Saunders, it was determined that a small
portion of the mesoderm at the posterior margin in the early wing bud that overlapped with
the PZN was responsible for the mirror image duplications and controlled anteriorposterior patterning. This region was named the Zone of Polarizing Activity (ZPA).
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Based on these results it was proposed that ZPA cells produced a diffusible
morphogen that established anterior-posterior positional values across the limb (Wolpert,
1969).

(Wolpert, 1969).

It wasn’t until 1993 that the ZPA molecular signal was

discovered when Sonic hedgehog (Shh) was shown to specifically mark the posterior
mesoderm of the developing chick wing bud (Riddle et al., 1993). Additionally, ectopic
anterior Shh expression or insertion of RA-coated beads (that induced Shh expression) to
the anterior margin of chick wing buds resulted in mirror image duplications similar to the
grafting experiments performed by Saunders and Gasseling (Riddle et al., 1993; Saunders
Jr and Gasseling, 1968; Yang et al., 1997). The role of Shh during vertebrate limb
development has been extensively studied in chick and mouse models and according to
previous studies, Shh sets up anterior-posterior positional values (Riddle et al., 1993; Yang
et al., 1997; Zhu et al., 2008), maintains the width of the AER and expression of AERFgfs via Gremlin1 (Harfe et al., 2004; Kraus et al., 2001; Laufer et al., 1994; Niswander
et al., 1994; Ros et al., 2003; Scherz et al., 2007), regulates cell proliferation (Cooke and
Summerbell, 1980; Towers et al., 2008; Towers et al., 2011) and controls cell survival
(Sanz-Ezquerro and Tickle, 2000) during vertebrate limb development. Like the AER, the
ZPA is a transient structure. ZPA cells in chick embryos eventually contribute to the most
posterior digit in the hindlimb and the posterior margin of the forelimb (Towers et al.,
2008; Towers et al., 2011). Descendants of Shh-expressing cells in mice contribute to
digits 5 and 4 and a portion of digit 3 (Harfe et al., 2004).
1.3.3 Epithelial-mesenchymal feedback loops in the limb bud
Studies in mice have shown that limb bud initiation depends on a positive feedback
loop from Fgf10 in the mesenchyme to FgfR2iiib in the overlying ectoderm and from Fgf8
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in the AER to multiple Fgf-receptors in the underlying mesoderm (Ohuchi et al., 2000; Xu
et al., 1998; Yu and Ornitz, 2008). This feedback loop is established by Wnt signaling and
downstream Sp6 and Sp8 transcription factors (Barrow et al., 2003; Haro et al., 2014;
Kawakami et al., 2001). Subsequently, epithelial-mesodermal feedback is established
between AER-Fgfs and Shh in the ZPA and this in turn controls proliferation and
patterning of the mesenchymal progenitors within the limb (Fallon et al., 1994; Laufer et
al., 1997; Mariani et al., 2008; Niswander et al., 1994; Sun et al., 2000; Towers et al., 2008;
Zhu et al., 2008). AER-Fgfs are positively regulated by Shh via the Bmp antagonist,
Gremlin1 (Grem1), while AER-Fgf-mediated maintenance of Shh in the distal posterior
mesenchyme is mediated by Lhx2, eventually increasing cell proliferation (Bénazet et al.,
2009; Watson et al., 2018; Zúñiga et al., 1999).

This forms a self-regulatory

Shh/Grem1/AER-Fgf feedback loop where molecular reinforcement eventually weakens
due to spatial separation of the ZPA from the Grem1 domain and via inhibition of Grem1
by AER-Fgfs and Gli3R (Lopez-Rios et al., 2012; Scherz et al., 2004; Verheyden and Sun,
2008).

These studies show that the feedback loops between the epithelial and

mesenchymal compartments is essential for limb bud initiation, and proliferation and
patterning of the limb bud mesenchymal progenitors (Fallon et al., 1994; Lewandoski et
al., 2000; Mariani et al., 2008; Towers et al., 2008; Xu et al., 1998; Zhu et al., 2008).

1.4

Dorsal-ventral patterning of an amniote forelimb
Surgical manipulations carried out in the chick limb bud suggested that dorsal-

ventral polarity was set up in presumptive limb mesoderm, and then imparted to the
overlying ectoderm prior to limb bud outgrowth (i.e., as early as stage 12 in chick embryos)
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(Geduspan and Maccabe, 1989; MacCabe et al., 1974; MacCabe et al., 1973; Saunders Jr
and Reuss, 1974). Molecular analysis showed that Noggin, emanating from somites acted
as the dorsalizing signal while Bmps emanating from the lateral plate (prospective ventral
body wall) served as the ventralizing signal (Pizette et al., 2001). Wnt7a is induced by
Noggin in the dorsal ectoderm and Engrailed-1 (En-1) is induced by Bmps in the ventral
ectoderm (Logan et al., 1997; Pizette et al., 2001). The expression of Wnt7a and the AERpositioning signal radical fringe (Rfng) is restricted to the dorsal ectoderm by En-1 and
then the expression of Lmx1b in the dorsal mesenchyme is induced by Wnt7a (Altabef et
al., 1997; Cygan et al., 1997; Laufer et al., 1997; Logan et al., 1997; Loomis et al., 1998;
Rodriguez-Esteban et al., 1997; Vogel et al., 1995). The limb bud is thus polarized along
the dorsal-ventral axis with Wnt7a expressed in the dorsal non-AER ectoderm, Rfng
expressed in the entire dorsal ectoderm including the entire AER, En-1 expressed in the
ventral ectoderm and half of the AER and Lmx1b expressed in the dorsal mesenchyme and
then in the dorsal muscle precursors of the mouse limb bud (Cygan et al., 1997; Dealy et
al., 1993; Kania et al., 2000; Laufer et al., 1997; Logan et al., 1997; Loomis et al., 1996;
Moran et al., 1999; Riddle et al., 1995; Rodriguez-Esteban et al., 1997; Yang and
Niswander, 1995).

While Wnt7a, En-1 and Lmx1b are essential for dorsal-ventral

patterning of the limb, Rfng and En-1 are required to maintain the position and morphology
of the AER (Chen et al., 1998; Grieshammer et al., 1996; Laufer et al., 1997; Logan et al.,
1997; Loomis et al., 1996; Parr and McMahon, 1995b; Riddle et al., 1995; Vogel et al.,
1995). Shh expression in the ZPA, or more specifically in the dorsal mesenchyme, is
additionally regulated by Wnt7a (Akita et al., 1996; Yang and Niswander, 1995). These
studies suggest the presence of a regulatory network between dorsal-ventral, anterior-
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posterior and proximal-distal axes and also further elaborate on the crosstalk between
epithelial and mesenchymal compartments in the limb bud.

1.5

Origin of paired fins and fin to limb transition
More than 500 million years ago, the first locomotory appendages to develop were

unpaired median finfolds in the dorsal midline of early chordates (Zhang and Hou, 2004).
Later, two sets of locomotory appendages evolved on either side of the latero-ventral body
wall at the level of the pectoral and pelvic girdles. A pair of fin-like appendages first
appeared in the lineage of jawless fishes that led to gnathostome stem group (Coates, 1994;
Johanson, 2010). Interestingly, the median fins and paired fins share a number of features
like regionalized expression of Hox and Tbx genes in the fin forming positions, presence
of an AER, and a posterior Shh expressing domain (Dahn et al., 2007; Freitas et al., 2006).
These observations led to the hypothesis that paired fins emerged by co-opting a medial
fin developmental program (Freitas et al., 2006). An alternate theory argued that paired
appendages may have arisen from modified gill arches; an idea supported by posterior
expression of Shh, RA regulation of Shh, and Fgf8 expression in the pseudo-stratified distal
epithelial ridge of the gill arches (Gillis et al., 2009).
The paired fin contains a series of endoskeletal radials proximally and
dermoskeleton with connective tissue and fin rays distally. Post paired fin initiation in
cartilaginous and bony fishes, the AER is replaced by an Apical Ectodermal Fold (AEF)
where the dermoskeleton differentiates. Fossil records showed that before vertebrates
invaded the land, there occurred a fin to limb transition that involved an elaboration of the
endoskeleton and simultaneous loss of dermoskeleton (depicted in Sarcopterygian fish
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fossils) and then the emergence of an autopod (in stem tetrapod fossils) (Coates, 1996;
Davis et al., 2004; Shubin et al., 2009; Shubin et al., 2006). Multiple studies in fishes have
provided molecular evidence to this observation. AEF removal and overexpression of
hoxd13a in zebrafishes resulted in increased cell proliferation and distal elongation of the
fin endoskeleton (Freitas et al., 2012; Yano et al., 2012). An expansion of hoxd13a and
shh expression similar to amniote limb buds was observed post knockdown of AEF
constitutive genes and1 and and2 (Zhang et al., 2010).
The following section will focus on the cellular and molecular events that occur
during the process of fin to limb transition in extant species (cartilaginous chondrichthyan
fishes, bony non-teleost actinopterygian fishes, bony teleost actinopterygian fish,
sarcopterygian fishes, urodeles and anurans), describing the (i) contribution of LPM to the
paired appendages, (ii) spatial domains of Tbx, Hand2 and Shh genes and RA regulation,
(iii) AER/AEF and associated Fgfs, (iv) dorsal-ventral polarity genes in the limb bud, (v)
early and late waves of Hox gene expression (vi) crosstalk between AER/AEF-Fgfs and
Shh, and (vii) the role of AER-Fgfs and Shh during pectoral appendage development.
1.5.1

LPM contribution to the paired appendage mesenchyme

In gnathostomes, paired appendages develop as outgrowths of the body wall
somatopleure (somatic LPM plus overlying ectoderm) (Tulenko et al., 2013). The fin/limb
mesoderm is derived from the somatopleure of the LPM while the nerves and muscles are
derived from progenitors that emerge from the spinal cord and somites respectively
(Capdevila and Belmonte, 2001; Haines and Currie, 2001; Pearse II et al., 2007). Studies
in actinopterygian fishes showed that the cells from the LPM contributed to the pectoral
fin mesenchyme and also dermoskeleton (Gibert et al., 2006; Grandel and Schulte-Merker,
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1998; Shimada et al., 2013). Transplantation experiments in axolotls revealed that the
somatopleure cells contribute to both the forelimb (connective tissue of muscles) and
interlimb regions (Tulenko et al., 2013). Thus, cellular origin of many limb components
is conserved throughout the evolution of paired appendages.
1.5.2 Spatial domains of Tbx, Hand2 and Shh genes and RA regulation
Specific signals required for limb bud initiation have also been conserved
throughout evolution. Similar to amniotes, Tbx5 is expressed in an amniote-like pattern at
the pectoral appendage levels in the chondrichthyan fish Scyliorhinus canicula (catshark)
(Tanaka et al., 2002), non-teleost actinopterygian fish Polyodon spathula (American
paddlefish) (Tulenko et al., 2017), teleost actinopterygian fish Danio rerio (zebrafish) (Ahn
et al., 2002; Tamura et al., 1999), teleost actinopterygian fish Oryzias latipes (medaka)
(Sakaguchi et al., 2006) and anuran species Xenopus laevis (South African clawed frog)
(Takabatake et al., 2000) and Xenopus tropicalis (the western clawed frog) (Abu-Daya et
al., 2011). Only a few examples of deviation from this pattern exists among tetrapods. For
instance, Tbx5 is expressed at both forelimb and hindlimb levels in the urodele newt species
Notophthalamus viridescens (Khan et al., 2002), suggesting an alternate RA regulation of
Tbx genes in this species.
Compared to Tbx, Shh signaling and regulation are more widely variable among
vertebrates. In catshark dHand, an upstream regulator of Shh, is expressed in the posterior
mesenchyme of developing fin buds at a much earlier stage than Shh transcripts, hinting a
possible alternate regulation of Shh (Sakamoto et al., 2009; Tanaka et al., 2002). Similar
to amniote limb buds, an early Hand expression is limited to and extended beyond posterior
Shh domain in paddlefish (dHand), zebrafish (hand2), medaka (hand2), Eleutherodactylus
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coqui (directly developing frog) (Hand2) (Davis et al., 2007; Gross et al., 2011; Hanken et
al., 2001; Kaneko et al., 2014; Yelon et al., 2000a).

During pectoral appendage

development, Shh is expressed in the posterior-distal mesenchyme in catshark pectoral fin
(Sakamoto et al., 2009), paddlefish pectoral fin (Tulenko et al., 2017), medaka pectoral fin
(Letelier et al., 2018), zebrafish pectoral fin (Neumann et al., 1999), Neoceratodus forsteri
(Australian lungfish) pectoral fin (Woltering et al., 2020), Xenopus hindlimb (Christen and
Slack, 1998; Endo et al., 2000), E.coqui forelimb (Hanken et al., 2001) and expressed in
the posterior-proximal mesenchyme of forelimb in Cynops pyrrhogaster (Japanese fire
belly newt) (Imokawa and Yoshizato, 1997) and axolotl (Torok et al., 1999). While
zebrafish have an orthologous DNA regulatory element that controls appendage specific
Shh expression (Lettice et al., 2003; Neumann et al., 1999; Sagai et al., 2005), Letelier et
al., 2018 discovered a shadow Zone of polarizing activity Regulatory Sequence (sZRS)
that along with the canonical ZRS controls the expression of Shh medaka. Deletion of both
these enhancers result in the complete loss of Shh expression and absence of pectoral fins
(Letelier et al., 2018).
Exogenous application of RA in catshark, paddlefish and zebrafish larvae resulted
in an ectopic anterior expression of Shh, depicting an amniote-like RA regulation of Shh
(Akimenko and Ekker, 1995; Dahn et al., 2007; Hoffman et al., 2004; Onimaru et al., 2015;
Riddle

et

al.,

1993).

Additionally,

inhibition

of

RA

activity

using

4-

diethylaminobenzaldehyde (DEAB) in zebrafish resulted in the inhibition of hand2 and shh
expressions in the posterior mesenchyme (Gibert et al., 2006). On the other hand, RA
exposure on developing axolotl and Xenopus limbs resulted in hypomorphic limbs with
phenotypes ranging from patterning defects to limb truncations (Scadding and Maden,
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1986a, b). These results indicate an alternate RA regulation during amphibian limb
development.
1.5.3

AER, AEF and associated Fgfs

The similarity between the fin-fold and the autopod was revealed by studies in
catshark, paddlefish and zebrafish which showed the expression of the amniote autopod
marker Hoxa13 in the fin-fold suggesting the existence of an AER-mediated regulatory
network in the fin-fold (Nakamura et al., 2016; Tulenko et al., 2017). In paddlefish, fgf4,
fgf8 and fgf9 are expressed in the proximal ectodermal cells of the AEF adjacent to the finfold mesenchyme (Tulenko et al., 2017). The zebrafish AER is transiently observed and
replaced by an AEF from 36 hpf that expresses similar molecular markers and carries out
similar functions as the AER (Grandel and Schulte-Merker, 1998; Mercader, 2007). The
zebrafish AER expresses fgf4, fgf8, fgf16 and fgf24 (Fischer et al., 2003; Nomura et al.,
2006; Reifers et al., 1998). Fgf10-mediated epithelial-mesenchymal feedback and wnt3l
mediated fgf8 activation is conserved between amniotes and zebrafishes (Norton et al.,
2005). The fate of the AER cells of paired fins and amniote limbs differ in that the apical
fold becomes populated by migrating distal mesenchymal cells and becomes a part of the
dermal fin rays (lepidotrichia), while in amniote the AER regresses (Mercader, 2007).
Similar to chondrichthyan and actinopterygian fishes, in lungfish, fgf8 is expressed in the
posterior AER from early fin budding stages until transition into the AEF at stage 45
(Hodgkinson et al., 2009).
In contrast to fishes, amphibians do not show a consistent pattern for a
morphological and molecular AER. A morphological AER is absent in axolotls, the newt
species Notophthalamus (Triturus) cristatus and N. vulgaris and E.coqui (Richardson et
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al., 1998; Sturdee and Connock, 1975b; Tank et al., 1977). While the molecular AER
(Fgf8) is expressed in the apical region of the distal epithelium of E.coqui limb buds, Fgf8
is expressed in the distal mesenchyme as well as the basal epithelial layer in axolotl limb
buds (Gross et al., 2011; Han et al., 2001). In the hind limbs of Xenopus, Fgf8 is expressed
in the epithelial cells of the future ectoderm at stage 49 even before a morphological AER
forms (Christen and Slack, 1997, 1998; Endo et al., 2000; Jones et al., 2013; Wang and
Beck, 2014). The morphological AER is a transient structure visible by SEM between
stages 50 and 51 and becomes indistinct by stage 53 (Tarin and Sturdee, 1971). Fgf8 is
strongly expressed in the innermost layer of the AER at stage 52 , progressively localized
to the anterior and is eventually lost by stage 55 (Endo et al., 2000; Wang and Beck, 2014).
Urodeles like axolotls and newts thus show a stark deviation from fishes and the rest of
the vertebrates in lacking an AER and having mesenchymal Fgf8 expression.
1.5.4

Dorsal-ventral polarity genes in the limb bud

The expression domains and function of dorsal-ventral patterning genes have been
relatively less explored in non-model vertebrates and among these, fishes showed
conserved patterns of expression. En-1 is expressed in the ventral ectoderm of catshark
pectoral fins (Tanaka et al., 2002), zebrafish (eng1a) pectoral fins (Hatta et al., 1991) and
Xenopus hindlimbs (Christen et al., 2012; Christen and Slack, 1998) similar to amniotes.
Wnt7a is restricted to the dorsal ectoderm of zebrafish pectoral fins (Norton et al.,
2005), diffusely expressed in axolotl forelimbs (Shimokawa et al., 2013) and Xenopus
hindlimbs (Christen and Slack, 1998). Wnt7a is not expressed in the limbs of E.coqui
suggesting a possible earlier expression or compensation by another Wnt ligand Wnt3
(Gross et al., 2011).
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Lmx1b is expressed later in the adductor muscle (that corresponds to dorsal limb
muscles in amniotes) in zebrafish pectoral fin (Uemura et al., 2005) and in the dorsal
mesenchyme of axolotl forelimbs (Shimokawa et al., 2013), Xenopus hindlimbs (Lmx1)
(Christen et al., 2012) and E.coqui (Gross et al., 2011).
Unlike amniotes, Rfng is expressed diffusely in the hindlimbs of Xenopus (Christen
and Slack, 1998) and in the forelimbs of the newt species Notophthalmus viridescens
(Cadinouche et al., 1999). While the domains of the dorsal-ventral genes in fishes overlap
with the domains in chick and mouse, amphibians deviate from this norm.
1.5.5

Early and late phase of Hox gene expression during forelimb
development

The early phase expression of Hoxa and Hoxd gene clusters occurs in a 3’-5’
direction during both fin and limb development, and the late phase of Hox expression
occurs prior to autopod formation in amniotes, with the most 5’ Hoxa and Hoxd genes
being expressed in the presumptive autopod region (Ahn and Ho, 2008; Nelson et al., 1996;
Sordino et al., 1995; Tarchini et al., 2006). While the early and late phase of Hoxd
expression are clearly separated into proximal and distal domains in catsharks and amniote
limbs, this clear demarcation is not observed in zebrafish, paddlefish and lungfish (Freitas
et al., 2007; Woltering and Duboule, 2010).
Axolotl forelimbs depicted the early phase Hoxa and Hoxd expressions in a pattern
mostly similar to anurans and amniotes, however during the late phase, expression of genes
like Hoxd13 was excluded from the presumptive digits 1 and IV and the zeugopod marker
Hoxa11 extended distally into the developing digits (Bickelmann et al., 2018). Urodeles
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limb buds thus show a non-canonical pattern of late phase Hoxa and Hoxd expression,
suggesting the involvement of an alternate mechanism during autopod patterning.
1.5.6

Crosstalk between AER/AEF and Shh

Expression domains and mutant analysis in fishes showed that the Shh/Grem1/Fgf
transcriptional circuit is similar to amniotes. The Shh/Grem1/Fgf transcriptional circuit
essential for limb bud outgrowth and patterning in amniote limbs, is spatially conserved
during fin outgrowth in paddlefish and lungfish (Tulenko et al., 2017; Woltering et al.,
2020). Daedalus zebrafish mutants with impaired fgf10 expression and pectoral fins
showed a gradual decline in the expression of shh and AER markers, sp8 (upstream of
fgf8), sp9, dlx2a, wnt3l (upstream of fgf8) and bmp2, suggesting that shh expression is
partially regulated by fgf-signaling (Norton et al., 2005).
However, few studies question the existence of an epithelial-mesenchymal
crosstalk in amphibians limb buds. Classic experiments in urodele limb buds where limb
ectoderm was replaced or irradiated resulted in a complete normal limb (Lauthier, 1985a;
Piatt and Kusner, 1960). Further, the absence of Grem1 in E.coqui limb buds showed that
the complex feedback loops that mediate limb patterning in amniotes do not exist in some
anurans (Gross et al., 2011).
1.5.7

Role of AER-Fgfs and Shh during appendage development

Studies in zebrafish fgf16 morphants (Nomura et al., 2006), zebrafish daedalus
mutants with impairment in the relay of fgf10 to the overlying AER (Norton et al., 2005)
and limb mesenchyme grafts under flank skin in Xenopus (Tschumi, 1957) showed that the
function of AER/AEF-Fgfs was equivalent to limb development in amniotes in controlling
outgrowth . Interestingly, in E.coqui, in contrast to a chick limb bud, removal of the distal
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ectoderm in the hindlimb bud did not stop outgrowth, although it caused anterior defects
in the skeletal patterns (Richardson et al., 1998). This study however did not analyze the
regeneration of ectoderm post removal.
Studies in actinopterygian fishes showed that, in addition to controlling anteriorposterior patterning like in amniotes, shh also controlled the outgrowth of the pectoral fin
(Chen et al., 2001; Davis et al., 2007; Neumann et al., 1999; Williams et al., 2015).
Inhibition of hedgehog signaling in paddlefish using cyclopamine analog (SANT-1),
resulted in a downregulation of shh and ptch1 expression and the absence of any fin
skeleton (Davis et al., 2007). Hands off zebrafish mutants (that have a loss of function of
hand2) have reduced tbx5 expression in the pectoral fin bud, fail to express hoxd11, hoxd12
and shh and do not show fin outgrowth (Yelon et al., 2000a). Zebrafish smoothened
mutants, sonic you (syut4) null mutants and zebrafish larvae treated with the
phosphodiesterase 4 antagonist eggmanone that inhibits hedgehog signaling, have no
pectoral fin outgrowth (Chen et al., 2001; Neumann et al., 1999; Williams et al., 2015).
While syut4 null mutants fail to develop any endoskeletal elements including the scapula,
syuq2524 hypomorphic mutants show a reduction in cell number in the anterior-posterior and
proximal-distal axis suggesting that shh is required for growth in both these axes in
zebrafish pectoral fins (Neumann et al., 1999).
Cyclopamine treatments at various stages of limb development in axolotls showed
that inhibition of hedgehog signaling affected patterning belong the elbow level and that
earlier treatments resulted in a more progressive loss of digits, similar to cyclopamine
treatments in chick and Shh null mouse limbs (Chiang et al., 2001b; Scherz et al., 2007;
Stopper and Wagner, 2007a).
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1.6

Why study the urodele limbs?
Comparing results from fin developmental studies in fishes to limb developmental

studies in amniotes reveals striking conservation of key mechanisms governing the overall
process of pectoral appendage development. For example, these studies reveal a generally
conserved pattern of gene expression for molecules involved in anterior-posterior,
proximal-distal and dorsal-ventral pattering, upstream role for RA controlling Shh
expression, Shh appendage-specific regulatory elements (ShAREs) orthologous between
fishes and amniotes, the presence of a physical and molecular AER and a conserved role
for Fgfs during appendage elongation/outgrowth. In addition to these features, ray-finned
fishes and amniotes exhibit epithelial-mesenchymal feedback loops regulating fin/limb
outgrowth and patterning.

And yet, ray-finned fishes simultaneously show a more

dominate role for Shh-signaling during pectoral fin development. While Shh mediates the
anterior-posterior patterning in amniote limbs, functional analysis of Shh shows that it
plays a dual role in fish fins: it firstly controls outgrowth and then secondarily mediates
anterior-posterior patterning. Urodeles occupy a phylogenetic position between fishes and
amniotes and are an important group in which to examine how molecular mechanism
evolve during the fin-to-limb transition. Urodeles either represent the ancestral mode of
limb development among tetrapods or instead may represent a derived mode of limb
development. Supporting the latter, their limbs depict a number of derived features such
as the absence of a morphological AER (Sturdee and Connock, 1975b; Tank et al., 1977),
pre-axial specification and chondrification of skeletal elements (Shubin and Alberch, 1986)
and the ability for adult animals to regenerate an entire limb (Young et al., 1983a, b).
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In the following chapters, I specifically examine forelimb development in the
urodele species, axolotl (Ambystoma mexicanum).

The chapters analyze the main

components deemed to be important for anterior-posterior, proximal-distal and dorsalventral patterning of the forelimbs. Chapter 3 dissects the spatiotemporal domains and the
functional role of AER-Fgfs and Shh during axolotl limb development. Functional studies
were done using pharmacological inhibitors: Fgf-receptor inhibitor SU5402 and the
smoothened antagonist cyclopamine. Chapter 4 further analyzes the role of Shh during
axolotl limb development using a small molecule inhibitor BMS-833923 and genetic loss
of function using the CRISPR/Cas9 system. Chapter 5 provides a detailed spatiotemporal
characterization of the dorsal-ventral polarity genes: Wnt7a, Rfng, Lmx1b and En-1.
Finally, in Chapter 6 I discuss the evolutionary significance of my results.
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CHAPTER 2. METHODS
2.1

Animal and tissue harvest
Axolotls (Ambystoma mexicanum) (albino and wildtype) were acquired from the

Ambystoma Genetic Stock Center (Lexington, KY) and from our own laboratory colony.
Chicken eggs (University of Kentucky, Department of Animal Sciences) were incubated
to required stages and mouse embryos were harvested from Swiss Webster mice (ND4,
Envigo, Indianapolis, IN). All procedures were conducted in accordance with, and
approved by, the University of Kentucky Institutional Animal Care and Use Committee
(IACUC Protocol: 2013–1174). Axolotl embryos were kept at 20–21 ̊C and reared in glass
bowls (7.5’/6’/2.5’ dimensions) in 800 ml of 20% Holtfreter’s solution. 15–20 larvae were
kept in a single bowl and were fed with brine shrimps from ~3 weeks post-fertilization.
Larvae used for drug treatments, proliferation, cell death assays, qRT-PCR and DiI
labeling were reared in 6-well plates. Larvae used for forelimb staging, area/snout to tailtip measurements, Alcian blue/Alizarin red staining, in situ hybridization, histology, tail
length measurements, body pigmentation analysis and proliferation assays were
anesthetized using 1x benzocaine (Sigma) and fixed overnight in 4% paraformaldehyde
(PFA) at 4 ̊C. Larvae used for cell death assays were rinsed gently in Hanks BSS four
times, five mins each on a rocker, and fixed overnight in 4% PFA post-Lysotracker
treatment.

Developmental stages were referenced against previously reported post-

hatching stages (Nye et al., 2003b) and were extended as outlined in Figure 3.1. Individual
animals (n = 35) were examined every day to assess limb stage. Larvae used for qRTPCR were anesthetized using 1x benzocaine (Sigma), limb tissue samples were snap
frozen and stored at -80 ̊C until further use. Chicken (HH25, HH30, HH32) and mouse
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(E11.5) embryos were harvested, fixed overnight in 4% PFA at 4 ̊C and processed for
various downstream assays.

2.2

Alcian blue and Alizarin red staining
Axolotl larvae were fixed overnight, washed three times, 10 mins each in PBT

(Phosphate Buffer Saline and 1% Tween 20), dehydrated in graded ethanol series 25%,
50%, 75% and stored in 100% ethanol at -20 ̊C until further use. Dehydrated larvae were
washed three times, 10 mins each in 1x PBS (Phosphate Buffer Saline), stained with 0.02%
Alcian blue 8GX (Sigma Aldrich) in 70% ethanol and 30% glacial acetic acid for 3 hr to
overnight. Stained larvae were rehydrated in graded ethanol series (100%, 75%, 50% and
water 1 hr each) and stained with 0.1% Alizarin Red (Sigma Aldrich) in 1%KOH
overnight. Larvae were cleared in 1%KOH/glycerol series: 3KOH:1glycerol (imaged
when cleared), 1KOH:1glycerol (1 day) and 1KOH:3glycerol (stored at room
temperature).
Chicken embryos were harvested at stage 30/32 and fixed in 100% ethanol for 2
days, stained with 0.1% Alcian blue 8GX (Sigma Aldrich) in 80% ethanol/20% acetic acid
for one day and cleared in 1% KOH before imaging.

2.3

Histology
Larvae were fixed overnight, washed twice in 1x PBS and stored in 70% ethanol at

4 ̊C until further use. Larvae were then processed for paraffin embedding (Histo5 Tissue
Processor, Milestone) and tissue samples were sectioned at 5 µm. Hematoxylin and eosin
staining was performed on deparaffinized and rehydrated sections.
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For bright-field

visualization of limb buds, Mayer’s haematoxylin was used to counterstain the nuclei and
coverslips were mounted with Cytoseal XYL (ThermoFisher, Waltham, MA).

2.4

Gene isolation and riboprobe synthesis
Coding sequences for axolotl genes were obtained from NCBI, (Bryant et al., 2017)

or www.ambystoma.org. Axolotl sequences were aligned with human homologs to locate
the 3’UTRs. Primers were designed against (when possible) or close to 3’UTRs of the
axolotl sequences (refer Table 2.1 for primer sequences). Briefly, RNA was extracted
using Trizol reagent from stage 31 larvae, stage 32 larvae or regenerating early forelimb
buds from 5 to 10 cm juveniles. cDNA was synthesized from 0.5 to 1µg RNA using
SensiFast cDNA synthesis kit.

Coding genes sequences were amplified out using

Advantage HD polymerase kit and amplified products were ligated into pGEMT-Easy
vector (Promega) via T-A cloning using manufacture’s protocol.

Plasmids were

transformed into Max Efficiency DH5a cells (Invitrogen) and blue-white colonies were
obtained. Colony PCR followed by agarose gel run was performed to confirm insert
sequence size and positive colonies were picked for plasmid mini-prep (Qiagen). Plasmids
were sent out for sequencing. Gene sequences and orientation of insertion into vector was
verified and positive colonies were used for plasmid maxiprep (Zymo Research). Plasmid
containing Shh gene for chicken and mouse were a gift from the Cohn lab, University of
Florida. Plasmids containing Keratin5 and Keratin17 genes for axolotl were a gift from
the Satoh lab, Okayama University. Plasmids containing Fgf8 and Gli3 genes and Shh
riboprobe for axolotl were a gift from the Tanaka lab, IMP, Austria. 20 µg of plasmid was
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linearized using specific restriction enzymes to obtain the sense and antisense probe
templates.
Sense and antisense probes for axolotl genes were synthesized from 2.5 µg
linearized plasmids using DIG RNA Labeling Kit (SP6/T7) (Roche). Sense and antisense
probes for chicken and mouse genes were synthesized from 1 µg linearized plasmids using
the same kit. In vitro transcription of probes was carried out for 3 hr to overnight at 37 ̊C.
Probes were treated with 1unit DNAse (Promega, CAT#M610A) for 5 min at 37 ̊C and
reaction was terminated with 2 ml DNAse stop solution (Promega, CAT#M198A). Probes
were purified and eluted in 50 µl of nuclease-free water using mini Quick Spin RNA
Columns (Roche) or RNeasy MinElute Cleanup Kit (Qiagen), run on 1% agarose gel to
access quality and quantified using NanoDrop.

2.5

Whole mount in situ hybridization (WISH)
Axolotl larvae/chick and mice embryos were fixed overnight, washed three times,

10 min each in PBT (Phosphate Buffer Saline and 1% Tween 20), dehydrated in graded
methanol/PBT series 25%, 50%, 75% and stored in 100% at -20 ̊C until further use. For
all the experiments at least three larvae or embryos/stage/gene were used. Each axolotl
larva was decapitated, and the bottom half of the trunk was amputated. Two axolotl larvae
per stage were placed in a DNAse/RNAse free 2 ml tube and treated with 2 ml of each
solution. For chicken and mouse, one embryo was placed in a similar 2 ml tube.
Dehydrated larvae/embryos were rehydrated in a graded methanol/PBT series 75%, 50%,
25%, washed with PBT twice 5 min each, bleached with 6% H2O2/1x PBS for 1 hr, washed
with PBT twice 5 min each. The above steps were performed under ice-cold conditions.
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Larvae/embryos were permeabilized with 20 µg/ml Proteinase K (Roche) in PBS for 7–10
min (40 µg/ml Proteinase K was used for Sox9 and Ihh axolotl genes), washed with PBT
twice for 5 min each, fixed with 0.2% Gluteraldehyde/4% PFA and washed with PBT
twice for 5 min each. The above steps were done at room temperature. Larvae/embryos
were incubated overnight in hybridization buffer (5% Dextran sulphate, 2% blocking
powder from Roche, 5X SSC, 0.1% TritonX, 0.1% CHAPS from Sigma Aldrich, 50%
formamide, 1 mg/ml tRNA from Roche, 5 mM EDTA from Sigma and 50 µg/ml Heparin
from Sigma) at 60 ̊C. The tubes were replaced with fresh hybridization buffer, 0.1–1 µg
of probe was added into each vial and incubated at 60 ̊C for 2 days. High stringency
washes were done with 2X SSC/0.1% CHAPS thrice for 20 min each, 0.2X SSC/0.1%
CHAPS 4 times for 25 mins each and with KTBT (15 mM Tris-HCl pH 7.5, 150 mM
NaCl, 10 mM KCl and 1% Tween 20) twice for 5 min each. Larvae/embryos were blocked
with 20% goat serum in KTBT for 3 hr. Later, fresh blocking solution was added. An
anti-Digoxigenin-AP, Fab fragment antibody (Roche) was added at 1:3000 dilution and
incubated overnight at 4 ̊C. Larvae/embryos were washed with KTBT 5 times for 1 hr
each and then incubated in KTBT overnight at 4 ̊C. Larvae/embryos were washed with
NTMT (100 mM Tris-HCl pH 9.5, 50 mM MgCl2, 100 mM NaCl and 1% Tween 20) twice
for 5 min each and incubated in NBT/BCIP (Roche) solution (BCIP-0.17 mg/ml, NBT0.33 mg/ml, 10% DMF in NTMT) till a signal developed with minimum background
staining. Limbs were photographed and larvae/embryos were washed with TE buffer (10
mM Tris HCl, pH 8 and 1 mM EDTA, pH 8 made up in DEPC treated water) 3 times for
10 mins each and fixed in 4% PFA until further use.
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2.6

Cryosectioning post WISH
Axolotl larvae from Keratin5 and Keratin17 in situ hybridizations were washed in

TE buffer 3 times for 10 min each, fixed in 4% PFA for 1 hr and washed with 1x PBS 3
times for 5 min each. Larvae were transferred into 2 ml vials with 30% sucrose in 1x PBS
and placed on a rotor for 20 min till they sank to the bottom. Larvae were then placed in
OCT for 25 min and frozen for cryo-sections. Cryosections were taken at 5 µm thickness,
dried overnight at 37 ̊C, fixed with 4% PFA for 10 min, washed with 1x PBS 3 times for
5 min each, treated with Hoechst solution (1:10,000 dilution), air dried, sealed with
ProLong Gold antifade reagent (Invitrogen) and imaged.

2.7

qRT-PCR analysis
For drug experiments, post-hatch axolotl larvae were reared in 6-well plates in

either 1.5% DMSO, 45 µM SU5402, 0.02% ethanol, 1 µg/ml cyclopamine or 1 µg/ml
BMS-833923 till stage 46 (see below for treatment details). Whole limbs were dissected
from the body wall, immediately snap frozen and stored at -80 ̊C until RNA extraction.
Three replicates were used for each condition (treatment/control) and each replicate
represented a pool of limbs (both left and right) from 10 to 20 animals.
To validate the anterior versus the posterior expression of Shh, Fgf8 and Gli3 genes,
larvae were reared in glass bowls (7.5’/6’/2.5’ dimensions) in 800 ml of 20% Holtfreter’s
solution. Whole limbs were dissected from the body wall, further dissected into anterior
and posterior halves/compartments (Figure 3.7), immediately snap frozen and stored at -

32

80 ̊C until RNA extraction. n = 2 or 3 was used and each replicate represented a pool of
limbs (both left and right) from 20 animals.
RNA was extracted using Trizol reagent (Invitrogen). cDNA was synthesized from
0.5 to 1µg RNA using SensiFast cDNA synthesis kit. qRT-PCR was performed using
PerfeCTa SYBR Green FastMix (Quanta bio) (refer Table 2.1 for primer sequences).
Melting curve was analyzed to confirm primer specificity.
Tubulin alpha was used as the internal control/house-keeping gene for limbs
obtained from larvae reared in 20% Holtfreter’s solution. Gapdh and Rlp32 were used as
the

internal

control/house-

keeping

genes

for

the

DMSO/SU5402

and

ethanol/cyclopamine/BMS-833923 experiments, respectively, since there was no
significant fold change in the 2-Ct values (Schmittgen and Livak, 2008). 2-ΔΔCt method was
used to calculate the fold change values between control (DMSO or ethanol) and treatment
(SU5402 or cyclopamine or BMS-833923) groups (Schmittgen and Livak, 2008).

2.8

DiI labeling of the proximal Shh domain
Post-hatch axolotl larvae were reared in 6-well plates in 3 ml Holtfreter’s solution.

DiI (D-282, molecular probes) was dissolved in dimethyl formamide at 3 mg/ml
concentration. Larvae between stages 45 and 46 were anesthetized in 1x benzocaine and
approximately 5 nl (0.05–0.20 mm diameter) of DiI was injected into the approximate
position of the posterior Shh domain.

A total of 34 limbs were analyzed for this

experiment. Images were taken immediately to confirm the domain specific restriction of
the injection and fluorescence was tracked every 2 days till all four digits formed
completely. All images were captured post-anesthesia in 1x benzocaine.
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2.9

Analysis of single-cell RNA-seq data
Single-cell RNA-seq data from embryonic limb buds (Gerber et al., 2018b) (Table

S7) were analyzed in collaboration with Ahmed Elewa as follows: read counts from stages
40 and 44 (as reported in Gerber et al., 2018), and which correspond to our stages 44 and
45 (Prayag Murawala, personal communication) were normalized and used as input for
principle component analysis. The top twenty loadings of the positive and negative axes
of the first five principle components were inspected to identify principle components that
segregated developmental axes markers on separate ends. No reliable anterior-posterior,
or dorsal-ventral markers segregated in this manner in the current dataset. However,
proximal-distal markers (Meis2 and Hoxd11) were segregated on opposite ends of
principle component 3 in the PCA of cells from stage 44, but not 40. Due to the low
expression levels of most genes of interest, raw read counts were used for visualizing gene
expression levels on PCA plots by rescaling the log2 of the read count to span between 0
and 14. To determine co-expression of Fgf ligands and receptors, expression was defined
as the presence of one or more reads mapping to the gene in question.

2.10 SU5402, cyclopamine and BMS-833923 treatments
Axolotl larvae at pre-limb bud stage 39 were reared in 6-well plates and treated
with 3 ml solutions for all drug experiments. A working stock of 3 mM SU5402 (Sigma)
was made in DMSO and then diluted to 45 µM in 3 ml of 20% Holtfreter’s solution per
well. Control larvae were treated with an equivalent amount of DMSO (1.5%) in 20%
Holtfreter’s solution. Larvae were kept in the dark and the solution was changed every
three days. Cyclopamine treatments were performed as previously described (Stopper and
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Wagner, 2007b). A working stock of 5 mg/ml of cyclopamine (Sigma) was prepared in
100% ethanol and 0.6 µl from this stock was added into 3 ml 20% Holtfreter’s solution
per well (1 µg/ml final concentration). An equal amount of 100% ethanol (0.02%) was
added into control wells. Similarly, a working stock of 5 mg/ml of BMS-833923 (Cayman
Chemical) was made in 100% ethanol and 0.6 µl from this stock was added into 3 ml 20%
Holtfreter’s solution per well (1 µg/ml final concentration). An equal amount of 100%
ethanol (0.02%) was added into control wells.

Larvae were treated with ethanol,

cyclopamine or BMS-833923 for 10 days and solutions were replenished every two days.
The larvae were kept in dark throughout the experiment.
For earlier drug treatments, de-jellied axolotl embryos were treated with ethanol,
cyclopamine or BMS-833923 at neural fold stage (stage 19/20) for 10 days. Solutions
were replenished every two days and larvae were kept in dark throughout the experiment.
Chicken eggs were incubated (at 99.5 ̊F, humidity=40-50%, turner on) to HH14/15
and 5ml of albumen was removed from the bunt end using a 5 ml syringe and 22G1½
needle. The eggs were windowed, and vitelline membrane was removed around the limb
bud. The embryos were treated with 5 µl of 1 mg/ml solution of BMS-833923 in DMSO
or DMSO (control) followed by a drop of Ringers solution with 100 U/ml Pen-strep. The
window was covered with a scotch tape and the eggs were reincubated until HH30/32.

2.11 Fiji analysis
Limb area, snout to tail length, tail length (anus to tail tip) and melanocyte
pigmentation in the eyes were measured using Fiji software (NIH) after calibrations.
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Limb area was measured for stage 45 and stage 46 larvae that were reared in 1.5%
DMSO, 45 µM SU5402, 0.02% ethanol, 1 mg/ml cyclopamine or 1 mg/ml BMS-833923.
Snout to tail-tip lengths were measured for stage 46 larvae that were reared in 1.5%
DMSO, 45 µM SU5402, 0.02% ethanol or 1 mg/ml cyclopamine. Tail length (anus to tail
tip) was measured for CRISPR control and Shh-guide RNA injected larvae to verify
significance in caudal truncations in the crispants. Melanocyte pigmentation in the eyes
was measured in the control and Tyrosinase-guide RNA injected larvae at stage 46, to
verify loss in pigmentation in crispants. Eye pigmentation was measured as pixel intensity
and the ranges were as follows: pixel intensity=221 to 148 (high), =147 to 74 (moderate)
and =73-0 (low).

2.12 Cell proliferation assay using EdU labeling
Post-hatch larvae were reared in 6-well plates in 3 ml of either of the solutions:
1.5% DMSO, 45 µM SU5402, 0.02% ethanol, 1 µg/ml cyclopamine or 1 µg/ml BMS833923.

CRISPR control and Shh-guide RNA injected larvae from CRISPR/Cas9

experiments were reared in 6-well plates in 3 ml of 20% Holtfreter’s solution. All larvae
were additionally treated with 0.1 mg/ml of EdU for 24 hr when control larvae (DMSO or
ethanol treated, CRISPR control) reached stage 46 or 45, fixed overnight in 4% PFA,
washed with 1x PBS twice for 5 min, dehydrated in 1x PBS/methanol series (25%, 50%,
75% and 100% methanol, 5 min each) and stored in 100% methanol at -20 ̊C until further
use.
For EdU staining, all steps were performed at room temperature unless mentioned
otherwise. Larvae were rehydrated backwards through the methanol series starting at
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100% methanol and ending at 100% 1x PBS. This was followed by PBT washes for 5 min
twice and 2.5% trypsin (Gibco) treatment for 10 min. The larval limbs were checked for
clarity at this point. Larvae were washed with water for 5 min twice, treated with 20 µg/ml
of proteinase K in PBT for 7–10 min, washed with water for 5 min twice, fixed in 100%
acetone at -20 ̊C for 10 min, washed with water for 5 min once, washed with PBT for 5
min once, incubated in fresh click reaction solution (1x TRIS buffer saline, 4 mM CuSO4
in 1x TRIS buffer saline, 2 µl Alexa-flour-594 Azide (Life technologies), 1 mM sodium
ascorbate in 1x TRIS buffer saline) for 30 min on a rocker in the dark, washed with 1x
PBS for 5 min thrice, incubated in DAPI (1:1000 dilution) for 30 mins, washed with 1x
PBS for 5 min thrice, checked for fluorescence under a stereomicroscope and stored at 4 ̊C
in the dark until lightsheet imaging.

2.13 Cell death assay using LysoTracker
Post-hatch larvae were reared in 6-well plates in 3 ml of either of the solutions:
1.5% DMSO, 45 µM SU5402, 0.02% ethanol, 1 µg/ml cyclopamine or 1 µg/ml BMS833923.

CRISPR control and Shh-guide RNA injected larvae from CRISPR/Cas9

experiments were reared in 24-well plates in 20% Holtfreter’s solution. Larvae were
transferred into 24-well plates and treated with 200 µl of 5 µM LysoTracker Red DND-99
(molecular probes) in Hanks BSS for 45 min to 1 hr at 20–21 ̊C. Larvae were rinsed gently
in Hanks BSS four times, 5 min each on a rocker, fixed overnight in 4% PFA, rinsed once
in Hanks BSS for 10 min and dehydrated through a methanol series in Hanks BSS (50%,
75%, 80%, 100%, 5 min each step) to eliminate back-ground staining and stored in 100%
methanol at -20 ̊C until imaging.
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2.14 Microscopy and image analysis
Whole mount images for limb staging/size measurements, Alcian blue-Alizarin red
staining, in situ hybridization, DiI experiments, apoptosis assays, body axis analysis and
eye pigmentation analysis were taken on an SZX10 light microscope (Olympus, Tokyo,
Japan) using a DP73 CCD camera (Olympus). Forelimb images are presented unscaled for
DiI experiments and in situ hybridizations except where treatment/control limbs are
presented (refer Figure 3.2 for all different axolotl forelimb stages to scale). Images for H
and E staining and cryo-sections (from Keratin5 and Keratin17 wholemount in situ
hybridizations) were taken on a BX53 micro- scope (Olympus, Tokyo, Japan) with DP80
CCD camera. Both the microscopes were equipped with CellSense software (CellSense
V 1.12, Olympus corporation).
EdU stained stage 45 and 46 larval limbs were imaged using a Zeiss Lightsheet Z.1
(College of Arts and Sci- ence Imaging Centre, University of Kentucky). Larvae were
embedded in 1% low melting agarose (Sigma) dissolved in 1x PBS, mounted in a glass
capillary (2.15 mm inner diameter) and the glass capillary was placed in a chamber
(specific for the 20x objective lens) filled with 1x PBS. Imaging was performed with Zen
software (Zeiss) and samples were excited using 561 nm and 488 nm lasers. 20x objective
was used and images of all the limbs were taken at 0.75 zoom. Either right, left or both
lightsheets were used based on the orientation of the limbs. Image processing and analysis
was done with Arivis vision4D software (Arivis). The czi extension files from Zen
software was imported into the Arivis vision4D software. An object mask was hand drawn
at each z-planes based on the DAPI signal to outline the limb and create a limb mask for
total limb volume calculations. The following pipeline was made to calculate red cell
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aggregate volume and total limb volume: Input ROI (cur- rent image set, all channels,
scaling 50%), object mask (add the hand drawn object), denoising filter (mean, radius =
10), Intensity filter (radius = 9, K = 0, offset = -10, binary= false), denoising filter (median,
radius = 10) and result storage (intensity threshold, range specified, allow holes while
quantification). Volume values in µm3 and voxel counts were given as outputs.

2.15 Statistical analyses
All statistical analyses were performed using JMP (version Pro 12.10, SAS Institute
Inc). Box plots for fore-limb staging were made using graph builder in JMP. The vertical
line within the box represents the median number of larvae found at a specific stage and
days post fertilization. The ends of the box represent the 25th and 75th quartiles and the
whiskers on either side represent the interquartile range. For qRT-PCR data, the 2-ΔΔCt
method was used to calculate fold changes of genes between DMSO vs SU5402, ethanol
vs cyclopamine and ethanol vs BMS-833923 groups. Calculations for mean Ct values,
ΔCt values for experimental and control groups, ΔΔCt values between experimental and
control groups, 2-Ct and 2-ΔΔCt fold change values were done using Microsoft Excel.
Student’s t-test was used to calculate the significant changes in relative gene expressions
between control and treatment groups. Differences were considered significant if p<0.05.
For limb size, student’s t-test was used to calculate the significant changes between
DMSO vs SU5402, ethanol vs cyclopamine.

For limb size between ethanol vs

cyclopamine vs BMS-833923, one-way ANOVA followed by Tukey-Kramer HSD post
hoc test was performed.
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For snout to tail-tip measurements, student’s t-test was used to calculate the
significant changes between DMSO vs SU5402 and ethanol vs cyclopamine groups.
Differences were considered significant if p<0.05. To analyze whether the decrease in
limb size post drug treatment (in DMSO vs SU5402 and ethanol vs cyclopamine groups)
was due to the decrease in overall body length (snout to tail-tip length) we used a fit model
ANOVA with treatment, overall body length and treatment*overall body length
interaction.
Student’s t-test was used to analyze whether Shh-guide RNA injections resulted in
significant caudal truncations compared to the CRISPR controls.

Differences were

considered significant if p<0.05.
To evaluate co-expression of Fgf ligands and receptors along the limb proximaldistal axis from single-cell RNAseq data, we utilized the fact that contribution to principle
component three followed a normal distribution according to a Shapiro-Wilks normality
test (W = 0.95551, p-value<2.2e-16). A Welch Two Sample t-test test was conducted to
test the hypothesis that two populations (Fgf ligands and receptors) have the same mean
contribution to principle component 3.
For lightsheet data, red cell aggregate volume/limb volume (%) was calculated in
Microsoft Excel (red cells=EdU positive cells). Comparisons within control and treatment
groups (DMSO vs SU5402, ethanol vs cyclopamine were determined by one-way
ANOVA (Kruskal-Wallis tests).

Comparisons within control and treatment groups

(ethanol vs cyclopamine vs BMS-833923 and control vs Shh-guide RNA) were determined
by one-way ANOVA followed by Tukey-Kramer HSD post hoc test.
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2.16 Guide RNA synthesis
Guide RNA synthesis protocol has been partly adapted from Fei et al., 2018. The
mRNA coding sequence for desired genes were accessed from https://www.axolotlomics.org/search. The cloud-based informatics platform Benchling was used to design
DNA template oligos for guide RNA synthesis. Oligos (20-mer or 18-mer) with high ontarget and off-target scores were selected. Three DNA template oligos for separate Shhguide RNAs (refer Table 2.1) were ordered from IDT with a 5’adapter and T7 promoter at
the 5’ end and a 3’ overhang sequence complementary to the constant sequence (used in
the template amplification step below) at the 3’ end (refer Figure 4.4 for schematic diagram
and Table 2.1 for sequences). The DNA template oligo for Tyrosinase (Tyr)-guide RNA
ordered from with 5’ adapter, T7 promoter sequence, GG nucleotides at the 5’ end and a
3’ overhang sequence complementary to the constant sequence (used in the template
amplification step below) at the 3’ end (refer Figure 4.4 for schematic diagram and Table
2.1 for sequences). The DNA template oligo for Tyr-guide RNA has been adapted from
Fei et al, 2018.
The DNA template oligo was amplified using the Phusion DNA polymerase kit
(NEB, cat# M0530S). Refer Table 2.1 for primer sequences and Figure 4.4 for schematic
diagram. The reaction mix and PCR reaction were:
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Phusion GC buffer, 5x

10 µl

dNTPs (10 mM)

0.5 µl

gRNA-fw2 (100 µM)

0.35 µl

DR274-rev (100 µM)

0.35 µl

gRNA oligo (100 µM)

0.25 µl

Constant sequence (100 µM)

0.02 µl

Phusion DNA polymerase (2 U/µl) 0.5 µl
Nuclease free water

38.03 µl
50 µl

PCR Reaction
98 ̊C

30 sec

98 ̊C
60 ̊C
72 ̊C
72 ̊C

20 sec
20 sec
20 sec
5 min

4 ̊C

forever

x1
x 35
x1
x1

The PCR product was checked on a 1% agarose gel for single bands, purified (in
20 µl water) using QIAquick PCR purification kit and quantified. The purified product
was used for guide RNA synthesis (in vitro transcription) using Ambion MegaShortscript
Kit T7; (cat#AM1354). The in vitro transcription step was as follows:
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T7 10X reaction buffer

2 µl

T7 ATP solution (75 mM)

2 µl

T7 CTP solution (75 mM)

2 µl

T7 GTP solution (75 mM)

2 µl

T7 UTP solution (75 mM)

2 µl

Template DNA from previous PCR (500-750 ng) x µl
T7 enzyme mix

2 µl

Water

make up to 20 µl

The reaction mix is incubated at 37 ̊C overnight and guide RNAs were precipitated
by phenol/chloroform method as follows: the reaction mix was transferred into a 2ml vial,
115 µl water and 15 µl Ammonium acetate stop solution (from Ambion MegaShortscript
Kit T7) and 500 µl phenol+500 µl chloroform mix were added, mixed till an emulsion
formed, centrifuged at 13000 rpm for 1 min, aqueous phase was transferred into a fresh
1.5 ml vial, 2 volumes of ethanol was added and mixed well, chilled at -20 ̊C for 15 min,
centrifuged at 13000 rpm for 15 min, supernatant was carefully discarded, tubes were
allowed to dry under the hood and the RNA pellet was resuspended in ~20 µl water. The
integrity of the guide RNAs was checked on a gel, quantified and stored in -70 ̊C (as 2 µl
aliquots) until microinjections.

2.17 Breeding and microinjections
Wildtype female axolotl was placed in the breeding tank (water temperature
maintained at 18 ̊C) the evening prior to introducing the wildtype male axolotl next
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morning. Once the female started laying eggs (~12 hours post spermatophore is first
observed), the males were placed back into the housing system.
Microinjection protocols were adapted from Fei et al., 2018. The following
injection mix was freshly prepared once the female started laying eggs:
CAS9-NLS protein (PNA Bio, cat# CP03), reconstituted
in 1x CAS9 buffer to 5 mg/ml

1 μl

Guide RNA (4 μg)

x μl

CAS9 buffer, 10x (200 mM HEPES, 1.5 M KCl, pH 7.5)

0.9 μl

Nuclease free water

make up to 10 µl

The glass capillary tubing (OD=1 mm, ID=0.58 mm, length=7.5 cm) was pulled
(Sutter instruments Co., settings- heat:600, pull:50, vel:120, time- 165) and the injection
mix was loaded into it. The needle tip was calibrated using a stage micrometer so as to
inject a volume of 5 nl into each fertilized egg. For control injections (CRISPR control),
injection mix minus guide RNA was injected into each single celled fertilized egg.
The single celled fertilized eggs were sterilized using 70% ethanol for 20 sec, rinsed
with 20% Holtfreter’s solution, dejellied in 1x MMR+Pen-strep solution and transferred
to 1x MMR+Pen-strep+20% Ficoll solution for microinjections. Post injection, the eggs
were transferred into fresh 1x MMR+Pen-strep+20% Ficoll for 2 hr and then transferred
into 0.1x MMR+Pen-strep+5% Ficoll for 24 hr at -18 ̊C. The healthy embryos were
transferred into 24 well plated with 0.1x MMR+Pen-strep solution and not disturbed for 7
days. Fresh 0.1x MMR+Pen-strep solution was added on the 8th day and solution was
replenished once in two days.
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2.18 Genotyping
For genomic DNA extraction, 1mm tail clips from CRISPR control and guide RNA
injected larvae was snap frozen in 1.5 ml vials and stored at -80 ̊C until further use. Later,
into the 1.5 ml vials 100 μl 50mM NaOH was added, incubated at 95 ̊C for 20 min, 10 μl
1M Tris pH 7.5 was added, mixed well, spun and quantified. The following PCR was
performed to amplify the gene locus:
Genomic DNA (200 ng)

x μl

Taq rection buffer, 10x

2 μl

dNTPs (10 mM)

0.3 μl

Genotyping primer forward (10 μM)

1 μl

Genotyping primer reverse (10 μM)

1 μl

Taq DNA polymerase (5 U/μl)

0.1 μl

Nuclease free water

make up to 20 µl

(Refer Table 2.1 for genotyping primer sequences)
PCR reaction
94 ̊C

2 min

94 ̊C
50 or 60 or 70 ̊C
72 ̊C
4 ̊C

30 sec
30 sec
30 sec
forever

x1
x 35
x1

The PCR product was checked on gel to verify single bands, quantified and sent
out for Next Generation Sequencing (Amplicon-EZ, Genewiz) to sequence each gene
locus.
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2.19 Bead experiments
Rescue experiments were performed on larvae injected with Shh-guide RNA#3 or
Shh-guide RNA#1, 2 and 3 to verify whether SHH-N protein could induce limb bud
outgrowth. Bead experiments were done on larvae injected with either Shh-guide RNA#3
or Shh-guide RNA#1, 2 and 3 with evident axolotl Shh cripant phenotypes like curved
body axis, partial to complete cyclopia, no limb outgrowth etc. CRISPR control larvae
were used to stage the limbs. All larvae were reared in 24-well plates in 0.1X MMR+Penstrep solution.
Each agarose bead (Affi-Gel Blue Media, cat#153-7301, 150-300um) was
incubated in 1 μl (0.25 μg/μl or 0.5 μg/μl) SHH-N protein (R&D, cat#1845-SH-025)
reconstituted in PBS with 0.1% BSA for 2 hr at room temperature or overnight at 4°C.
Control bead was incubated in 1 μl PBS with 0.1% BSA for 2 hr at room temperature or
overnight at 4°C.
Larvae were anesthetized in 1x benzocaine for 1 min and transferred to 1% agarose
plates with PBS with 0.1% BSA solution. A nick was made at the approximate limb
position using a tungsten needle and beads were grafted securely into the nicks. Proteinsoaked bead was grafted into the right limb and control bead was grafted into the left limb.
Larvae were placed back into the 24-well plates in fresh 0.1X MMR+Pen-strep solution.
Beads were replaced once in 3-4 days and experimental larvae were harvested once
CRISPR control larval limbs reached stage 46/47. The experiment was terminated at this
stage since the CRISPR control larvae start feeding on artemia at stage 46 and the Shh
crispants do not have jaw structures for active feeding.
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Table 2.1 List of primer sequences
Experiment

WISH

Primers

Primer sequences 5' to 3'

Sox9 Forward

AGCCCTTTCAACCTGCAGC

Sox9 Reverse

GGCTTTCCTTTCCAGTCTTTGTG

Msx2 Forward

GCTGGAGAAGCTCAAAATGG

Msx2 Reverse

TATCGACCACAACGGTGAAA

Krt5 Forward

TCTCACTTGGAGGTGGC

Krt5 Reverse

TGCTAGAGCTAACCACGGAG

Krt17 Forward

CACTCTGGATAATGCCAGGA

Krt17 Reverse

ACTGCGAACCAGAGAAGAT

Ptch1 Forward

GATCACAGAAGCTGGCTATGTAAAC

Ptch1 Reverse

AAATATCAAGTCTGCAATCTTCGCG

Gli1 Forward

GTTCATAAGAGACCAGACATTGTGG

Gli1 Reverse

CATACAAAAACAGAGGCACATGTGA

Gli3 Forward

ATCATTAATAAAGAAGGAGATCCA

Gli3 Reverse

ATAGGTCTCTGGGTAGGAAAAG

Ihh Forward

TAGTGTAGGTAGAGGGAAACCACCT

Ihh Reverse

GTCCTGTTTTTGCTTGGAAATC

Fgf8 Forward

TTCACGTGCCTCACCTCCACTACCTCAGCA

Fgf8 Reverse

ATATAAATTGTTCTTCTAAAAGTCCACTGG

Gremlin1 Forward

TCGCCTGACACTACATAGC

Gremlin1 Reverse

AGATGTGCAAAAGTTCAGAGAT

Etv1 Forward

CTTTCTCAAAAGCCTATGAAGTGCC

Etv1 Reverse

GGAAATCAGCTGCCAGATTTATTGA

Etv4 Forward

CCAGACAGGACAGAAACTTCATGA

Etv4 Reverse

TTAGGCCTGCAAAATGTATCGATTG

Hoxd11 Forward

CGTGTTTTTCTTGCTGGTTTTACAG

Hoxd11 Reverse

TTTTTAAATCTTCGTCGAGGTTCCC

Fgf9 Forward

ATTAAACCCG CTTTGATTTCTTG

Fgf9 Reverse

GTAGAGATTAGATG AGTATGTGTTA

Fgf10 Forward

TTTATTGTTTGGGTTAAGGACAGCC

Fgf10 Reverse

GTGTGATCCAAATGCTTCCAGTAAA

Fgf17 Forward

CTCTTCGGCATCAAAATTTGGCT

Fgf17 Reverse

AATTCCTGATCCTCTTCCTGGTATG

Fgfr1 Forward

GGAGAAACTTTTCGGACTTGACT

Fgfr1 Reverse

GATGGGAGATCCCAATAGAGTTAC

Fgfr2 Forward

AAGGAGTTCAAGCAGGAGCA

Fgfr2 Reverse

CACTTCTGCGATGCCAAGTA

Fgf4 Forward

GAGGTATTTTTAGAGCCATTGACAC

Fgf4 Reverse

AAGACTCGTAGGCATTGTAGTTGTT

Wnt7a Forward

GTCTTTGGAAAAGAGCTGAAAGTG
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Table 2.1 (continued)
Wnt7a Reverse

TCTCAAGGAAGTAAATCAGAACCTG

Rfng Forward

GAGTTATGGTGGACCTGAGAATAAA

Rfng Reverse

CCATGTATAGAGACATCAAGATTGC

En-1 Forward

CCAACTTCTTCATAGACAACATCCT

En-1 Reverse

CAGTCTGAATCCTGAACACAGTCTA

Lmx1b Forward

GACTACGAAAAGGAAAAGGACTTG

Lmx1b Reverse

AAAGGCTATCGACTAATATGCACTG

Shh Forward

ATTTTTAAGGACGAAGAGAACACCG

Shh Reverse

CTTATCCTTACACCTCTGGGTCATT

Fgf8 Forward

ATTAATTGTGGAAACGGACACCTTC

Fgf8 Reverse

AATCAGCTTTCCCTTCTTGTTCATG

Gli3 Forward

CATGGATGTGGTCGTTATTGATGTG

Gli3 Reverse

GAGGTTATTTACGAGACCGACTGTC

Etv1 Forward

TCTTGGAAGAGTTCTTCTGAGTCAT

Etv1 Reverse

CGTGTGAGAAATTGTAACGAGAGA

Etv4 Forward

ACTATGCATACGATTCAGATGTTCC

Etv4 Reverse

ATAGCCCTCCACGTTCATATACATT

Gremlin1 Forward

GGACACCCAGAATACTGAGCA

Gremlin1 Reverse

GTAGACCAATCGAAACATCCTGT

Ptch1 Forward

TGTAGATCTGCTCCAATGCAAAC

Ptch1 Reverse

CTGACCCGGAGTACTTGCAG

Tubulin alpha Forward

CCCAGGGCCGTGTTCGTC

Tubulin alpha Reverse

CCGCGGGCGTAGTTGTTG

Gapdh Forward

AAAAGGTCTCCTCTGGCTATGAC

Gapdh Reverse

AGGGCTATAAAAGAGCATTATCGAG

Rlp32 Forward

AGGCTACTGGGAGTTTTAATAAGGA

Rlp32 Reverse

AGATTACAGCACCCACTGTCTTTT

DNA template for Shh guide 1

TTGAAATTAATACGACTCACTATAGGTCTACTGTGAGTACCCGGGTTTTAGAGCTAGAAATAGCAAGT

DNA template for Shh guide 2

TTGAAATTAATACGACTCACTATAGGTACTCACAGTAGACCAGGGTTTTAGAGCTAGAAATAGCAAGT

DNA template for Shh guide 3

TTGAAATTAATACGACTCACTATAGGTGACGCGTGTGTACCTGGGTTTTAGAGCTAGAAATAGCAAGT

DNA template for Tyr guide

TTGAAATTAATACGACTCACTATAGGACTTCACTATCCCCTACTGTTTTAGAGCTAGAAATAGCAAGT

Constant sequence

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC

gRNA-fw2 primer

TTGAAATTAATACGACTCACTATAGG

DR274-rev

AAAAGCACCGACTCGGTGCCAC

Shh genotyping primer forward

CGCGGCCCACCTCCTCTTTG

Shh genotyping primer reverse

CGCCCAGCTGTGCTCCTCTATG

Tyr genotyping primer forward

GCTCTTCCTGCTGCTCTGGGAG

Tyr genotyping primer reverse

CTGCCAAGAAGCGAAGAAGGAG

q-RT PCR

CRISPR/Cas9
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3.1

Abstract
Although decades of studies have produced a generalized model for tetrapod limb

development, urodeles deviate from anurans and amniotes in at least two key respects:
their limbs exhibit preaxial skeletal differentiation and do not develop an apical ectodermal
ridge (AER). Here, we investigated how Sonic hedgehog (Shh) and Fibroblast growth
factor (Fgf) signaling regulate limb development in the axolotl. We found that Shhexpressing cells contributed to the most posterior digit, and that inhibiting Shh-signaling
inhibited Fgf8 expression, anteroposterior patterning, and distal cell proliferation. In
addition to lack of a morphological AER, we found that salamander limbs also lack a
molecular AER. We found that amniote and anuran AER-specific Fgfs and their cognate
receptors were expressed entirely in the mesenchyme. Broad inhibition of Fgf-signaling
demonstrated that this pathway regulates cell proliferation across all three limb axes, in
contrast to anurans and amniotes where Fgf-signaling regulates cell survival and
proximodistal patterning.

3.2

Introduction
Limb development is an ideal model to investigate how cellular and molecular

networks exhibit plasticity or resilience during tetrapod evolution. Since the turn of the
twentieth century the limb has endured as a fundamental model to investigate
morphogenesis, cellular growth, and differentiation during embryonic development. From
studies spanning comparative embryology through developmental genetics, limb
development has provided deep insight into mechanisms underlying pattern formation,
genotype-phenotype relationships, and the complexity of molecular networks (Swett,
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1937; Wolpert, 1969; Zeller et al., 2009). Perhaps equally studied as a fully developed
structure, the limb has also served as a model for evolutionary biologists seeking to
reconstruct tetrapod ancestry and how micro- and macro-evolutionary changes might
explain major events in vertebrate evolution such as the fin to limb transition (Fröbisch
and Shubin, 2011; Shubin and Alberch, 1986).
The two most important embryonic models for modern limb development studies
have been chicken and mice. Chicken embryos were integral to our understanding of limb
bud outgrowth and morphogenesis aided by the availability of genetic limb mutants and
the ability to discern skeletal defects in the wing caused by surgical manipulation
(Saunders Jr, 1948; Summerbell et al., 1973a). With the advent of stable transgenesis,
mice became the model of choice to investigate the molecular basis of limb development.
Together, data from chicken, mice and frogs have been synthesized into contemporary
models covering limb development in tetrapods (Zeller et al., 2009; Zuniga, 2015). In
these models, all vertebrate limb buds utilize the same molecular network (e.g. Shh, Fgfs,
Bmps, Wnts and retinoic acid) governed by Hox genes and controlled by two major
signaling centers; the zone of polarizing activity (ZPA) and the apical ectodermal ridge
(AER).
And then there are the urodeles. With tetrapod monophyly solidly supported by
molecular and morphological data (Ahlberg and Milner, 1994; Marjanović and Laurin,
2013), for scientists investigating the evolution and development of vertebrate limbs,
salamanders and newts have longed proved problematic (Holmgren, 1933). Although
salamander and newt embryos were used to uncover key principles regarding specification
of the prospective limb field and establishment of the primary limb axes (i.e., proximal-
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distal, anterior-posterior and dorsal-ventral) (Harrison, 1918; Stocum and Fallon, 1982;
Swett, 1937), it was also observed that urodele limb development deviated from anurans
and amniotes in at least two key respects: skeletal specification exhibited preaxial
dominance (anterior elements form before posterior elements) rather than postaxial
dominance (Shubin and Alberch, 1986) and urodele limb buds did not form an apical
ectodermal ridge (AER) (Sturdee and Connock, 1975a; Tank et al., 1977). In addition to
these important developmental differences, adult urodeles differ from anurans and
amniotes in their ability to completely regenerate an amputated limb. With these ideas in
mind, we sought to investigate limb development in salamanders to determine whether
morphological and molecular data support a unified model of limb development that
includes or excludes urodeles.

3.3

Results
3.3.1

Digit specification and differentiation are uncoupled during axolotl
forelimb development

In order to study axolotl limb outgrowth and axis specification, we first staged
developing limbs on the basis of external morphology and skeletal chondrification at 20–
21°C (Figure 3.1A–B and Figure 3.2). As the limb bud emerged from the flank, limb
mesenchyme expanded directly above the body wall musculature and at no time during
limb development did we observe an AER or thickening of the limb ectoderm (Figure
3.1C). In agreement with previous work in salamanders (Holmgren, 1933; Nye et al.,
2003a; Shubin and Alberch, 1986), we found that cartilage condensations of the limb
skeleton formed proximal to distal, and within the zeugopod and autopod, anterior to
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posterior (preaxial dominance) (Figure 3.1D). While this was strictly true for the radius
and ulna, alcian blue staining always demonstrated digit I and II forming together between
stages 47 and 48 (Figure 3.1D). To further examine chondrogenesis in the limb, we
identified axolotl Sox9 and used its expression to analyze condensing mesenchymal cells
prior to cartilage formation (Wright et al., 1995) (Figure 3.1E and Figure 3.3). We first
observed Sox9 expression at stage 45 in a broad proximal area of the axolotl forelimb bud
(Figure 3.1E). Sox9 expression at stage 46 appeared in a centrally located domain
corresponding to the future radius, ulna and carpals (Figure 3.1D–E). However, in contrast
to the Alcian blue staining pattern, Sox9 expression in the presumptive digits appeared
sequentially II-I-III-IV and this result was consistent across 13/15 (86.66%) limbs analyzed
across stage 48 (Figure 3.1E and Figure 3.3). At stage 49, Sox9 expression expanded to
clearly mark digit I along with digit II (Figure 3.1E and Figure 3.3). Thus, although
chondrification of the limb skeleton proceeds anterior to posterior in the zeugopod, digit
specification as marked by Sox9 expression in the autopod exhibits a pre-pattern that first
emerges along the central axis marked by digit II.
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Figure 3.1 Skeletal chondrification proceeds anterior to posterior within the
zeugopod and autopod during axolotl forelimb development. (A) Box plot depicting
post-hatching limb stages at 20°C (n = 35 total). Central line within the box = median
number of larvae for that stage; edges of the box = 25th and 75th quartiles and the
whiskers = the interquartile range. (B) Normal, identifiable stages viewed dorsally with
anterior (A) at the top and posterior (P) at the bottom (not to scale). For scaled limb stages
see Figure 3.1. Key stage indicators used: st. 45: bending of limb bud at anterior body wall
junction (bt1), st. 46: length doubling along proximodistal axis, st. 47: dorsoventral
flattening of distal bud (flt), st. 48: notch (nt) appears separating digit 1 and 2, st. 49: ulnar
bulge (ub) appears, st. 52: elbow bend appears (bt2) along with prominent separation of
three digits and st. 54: digit four present. (C) H and E stained forelimb buds at stages 44
(C’–C”) and 45 (C’”) show no evidence of an AER and skeletal muscle (red arrows)
underlies the emerging limb bud. White dotted lines (C”–C”’) delineate mesenchyme from
ectoderm. Ectoderm covering the limb is consistent with flank ectoderm (1–2 cells thick).
(D) Alcian blue-Alizarin red staining reveal preaxial pattern of chondrogenesis (n = 3–
4/stage). Cartilage condensations abbreviated: humerus (hu), radius I, ulna (ul), carpal
(car), metacarpal (met) and digits 1–4 (I–IV). I Expression domains of the precondensation marker Sox9 during forelimb development. Sox9 is diffusely expressed at
stage 45, whereas three discreet domains of Sox9 expression begin at stage 46 marking the
ulna (ul), radius I and carpals (car). Sox9 expression in presumptive digit II is first
observable at stage 47 and precedes digit I expression which occurs during late stage
48. Sox9 expression in the remaining digits occurs anterior to posterior.
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Figure 3.2 Forelimb development stages scaled with respect to final larval limb.
Stages 44-45 with anterior at left of image (A) and posterior at right (P). Limbs are right
forelimbs. Scale bar = 1mm
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Figure 3.3 Specification of digit II occurs before digit I. (A–B) Replicates
for Sox9 staining at stages 47–49. (A) Red arrows show staining for digit II between stages
47 and 48. 13/15 (86.66%) limbs showed clear staining for digit II in the absence of digit
I. (B) Digit II and I are stained at stage 49 (n = 7/7, 100%). Blue arrow = carpal, yellow
arrow = radius, red arrow = digit II and green arrow = digit I.

3.3.2

Shh-expressing cells in the presumptive ZPA are proximally restricted
from the autopod and contribute exclusively to digit IV

Having established the spatiotemporal pattern of mesenchymal specification during
skeletal formation, we next sought to investigate the expression of key genes involved in
limb bud outgrowth and anterior-posterior patterning. For this, we optimized wholemount
in situ hybridization such that we could accurately identify mesenchymal and ectodermal
expression (Figure 3.5). During limb initiation in other tetrapods, Sonic hedgehog (Shh) is
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induced in the posterior limb mesenchyme (Riddle et al., 1993). Using an antisense-probe
(~1000 bp) that was a gift from the Tanaka lab (IMP, Austria), we determined that Shh was
first expressed at stage 45 in a posteriorly restricted domain and persisted through stage 49
in a posterior-proximal position (Figure 3.4). Compared to anuran and other amniote
forelimb buds where Shh expression precedes expression of Hoxd11, the onset
of Shh expression in axolotls appeared relatively late and after Hoxd11 expression
(Matsubara et al., 2017; Riddle et al., 1993) (Figure 3.6).

While the

posterior Shh expression pattern was consistent with previous reports using relatively short
probes at several stages (Bickelmann et al., 2018; Imokawa and Yoshizato, 1997; Torok et
al., 1999), we also observed Shh expression in an anteriorly restricted domain at stages 46,
47 and 48 (Figure 3.4 A). To support our in situ data, we divided stages 46–49 limb buds
into posterior and anterior halves and collected RNA (Figure 3.7 A–C). Using qRT-PCR,
we observed Shh expression from the anterior and posterior compartments (Figure 3.7 D).
We also isolated full-length Indian hedgehog (Ihh) and aligned it with Shh revealing that
our RNA probe shared 42% similarity between sequences. Furthermore, we generated an
RNA

probe

to Ihh and

found

spatiotemporal

expression

domains

distinct

from Shh expression localized to areas of skeletal ossification (Figure 3.6).
We next examined the spatiotemporal expression of the hedgehog receptor Patched
1 (Ptch1) and effector molecule Gli1, both of which are direct targets of Shh-signaling
(Figure 3.4 A–B). Ptch1 expression was localized in two broad domainss corresponding
to the posterior and anterior domains of Shh expression (Figure 3.4A).

While we

observed Gli1 expression in an anterior domain similar to Ptch1 expression, the posterior
expression of Gli1 appeared to localize more closely with Ihh (Figure 3.4B and Figure
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3.6). Lastly, we exasmined the expression of the repressor form of Gli3 which serves to
restrict Shh to the posterior of the limb bud in mice and chickens and found a broad
expression pattern across the anterior-posterior axis that excluded the presumptive ZPA at
stages 45, 46 and 47 (Figure 3.4 and Figure 3.7D).
Although Shh expression remains posterior in the forelimb buds of chicks and
mice, it tracks distally into the future autopod where it maintains a close association with
the AER (Figure 3.4 C–D). In contrast, Shh expression in axolotl forelimb buds did not
appear in the autopod (Figure 3.4 A,C–D). Given this proximally restricted position of
the Shh domain we asked whether Shh-expressing cells (or those close by) contribute to
the digits.

To track ZPA cells we injected DiI into the approximate position

of Shh expression around stage 45 and monitored fluorescence till stage 53 (Figure 3.4E).
Although our injections labeled Shh-expressing cells and nearby cells as well, we only
observed cells migrating along the posterior limb margin and contributing to digit IV
(Figure 3.4E). This data mimics labeling experiments in chick limbs where ZPA cells only
give rise to the most posterior digit in the hindlimb and posterior margin of the forelimb
(Towers et al., 2008; Towers M, 2011). Thus, despite some late spatial expression
differences, our data suggests a conserved role for Shh during forelimb development.
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Figure 3.4 Shh-expressing cells in the presumptive ZPA are proximally restricted
from the autopod and contribute progenitors exclusively to digit IV. (A–E) Dorsal
views of stage 44–49 axolotl forelimbs with anterior (A) on top and posterior (P) on the
bottom of each panel. Red arrows indicate expression. (A) Shh expression is first detected
in a small posterior domain at stage 45 and persists through stage 49. Posterior expression
is never detected in the autopod. An anterior domain of Shh expression is visible at stages
46–48. Ptch1 expression overlaps with and surrounds Shh expression posteriorly and
anteriorly. (B) Gli1 expression is detected at stage 46 adjacent to, and slightly overlapping
with, Shh and Ptch1 expression. Gli1 also exhibited a small anterior domain at stages 46–
48. Gli3 is expressed distally across the anterior-posterior axis between stages 45 and 48
with very weak expression overlapping the ZPA. (C) Shh domain in a stage 46 axolotl
forelimb, HH26 chicken wing and E11.5 mouse forelimb. Scale bar = 100 µm (axolotl),
200 µm (chicken and mouse). (D) Schematic representation of Shh domain (indigo)
compared to mesenchymal condensations (dotted) and Alcian blue stained cartilage
condensations (blue) in a stage 46 axolotl forelimb, HH26 chicken wing (Montero et al.,
2017) and E11.5 mouse forelimb (Taher, 2011). Cartilage condensations abbreviated:
humerus (hu), radius (r) and ulna (ul).
(E) DiI injections within the
approximate Shh domain at stage 46 using light and fluorescence microscopy.
Fluorescently labeled cells were followed through stage 53. Inset images at stages 48 and
53 show the migratory route of the DiI labeled mesenchymal cells (red arrow) to digit IV
(n = 34). Yellow arrows represent pigment cells (autoflorescence) and ectodermal cells
that have picked up the DiI.
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Figure 3.5 Wholemount in situ hybridization (WISH) is optimized to detect gene
expression in mesenchymal and ectodermal cells. Dorsal view of stage 46 axolotl
forelimbs with anterior (A) on top and posterior (P) on the bottom of each panel. (A–C)
WISH staining for Msx2, which is restricted to the mesenchyme (A) and Keratin5 (B)
and Keratin17 (C) which are restricted to the ectoderm. (B’–C’) Cryo-sections of embryos
shown in (B) and (C) demonstrating expression in the limb ectoderm. Black bracket in (A)
shows the ectoderm.
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Figure 3.6 Hoxd11 is expressed prior to Shh expression at stage 44. Dorsal view of
stage 44–49 axolotl forelimbs with anterior (A) on top and posterior (P) on the bottom of
each panel. Red arrows indicate expression domains. Hoxd11 expression is first detected
in a diffuse pattern in the posterior half of the limb bud at stage 44. This posterior
expression pattern becomes stronger at stage 45 and is subsequently restricted to a domain
overlapping Shh expression in the presumptive ZPA. Hoxd11 expression at stage 44
begins prior to Shh expression that is first seen posteriorly at stage 45.
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Figure 3.7 Gene expression analysis of Shh, Fgf8 and Gli3 in anterior and posterior
limb compartments. (A–C) Stage 46, 47 and 49 limbs were dissected from body wall and
cut into anterior and posterior halves/compartments (representative image for stage 46
limb). Red dotted line depicts plane of amputation. For qRT-PCR analysis, anterior and
posterior halves from left and right limbs were pooled from 10 animals and then 2–3 pools
were run as biological replicates. (D) RNA was extracted from the pooled samples and
qRT-PCR was run for Shh, Fgf8 and Gli3. Tubulin-alpha was used as the internal
control/housekeeping gene and delta Ct values for these genes were calculated for each
limb compartment at each stage. Error bars represent standard error of mean.
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3.3.3

Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed
exclusively in axolotl limb mesenchyme

Proximal-distal outgrowth of the limb bud and maintenance of Shh-signaling from
the ZPA are regulated in tetrapods by the AER, and specifically by Fgf-signaling (Mariani
et al., 2008; Niswander et al., 1993; Saunders Jr, 1948; Sun et al., 2000). Several Fgfs are
expressed in the anuran and amniote AER (i.e. Fgf4, 8, 9, 17), but Fgf8 alone is required
for cell survival and limb bud outgrowth (Sun et al., 2000; Sun et al., 2002). Although an
AER

does

not

form

during

limb

development

in

the

direct

developing

frog Eleutherodactylus coqui (Gross et al., 2011) or the marsupial Monodelphis
domestica (Doroba and Sears, 2010), AER-Fgfs are still restricted to, and expressed, in the
ectoderm. Because salamanders lack a morphological AER, we asked if Fgf4, 8, 9 and
17 were expressed in the axolotl limb bud ectoderm. In contrast to anurans and amniotes,
we found that Fgf8, Fgf9 and Fgf17 were solely expressed in the mesenchyme (Figure 3.8
A–C). We could not consistently detect Fgf4 during limb development and, when we did,
it was expressed at very low levels in the mesenchyme only (Figure 3.9). At stage 44, we
detected Fgf8 in a broad mesenchymal zone directly beneath the ectoderm (Figure
3.8A). Fgf8 expression persisted in the distal mesenchyme until stage 47 when it
segregated into symmetrical domains within the dorsal and ventral mesenchyme (Figure
3.8A–B). Although Fgf8 appeared to exhibit an anteriorly restricted expression pattern at
stage 44, using qRT-PCR we found Fgf8 expression in both the anterior and posterior
compartment at stages 46, 47 and 49 (Figure 3.7 D).

Fgf9 and Fgf17 showed

distally restricted expression at stages 45–46 and Fgf9 appeared to have an additional
proximal expression domain at stage 46 (Figure 3.8 C). Fgf17 appeared to have a posterior
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bias at stage 46 (Figure 3.8 C). Consistent with what is known for amniotes and anurans,
we found that Fgf10 was broadly expressed in the distal mesenchyme at stages 45–46
(Figure

3.8

C).

We

also

examined

expression

of Fgf

receptors

1 and 2 (FgfR1 and FgfR2). FgfR1 was first expressed weakly at stage 44 and became
more proximally restricted during stages 45–46 (Figure 3.8 D). At stage 46, the proximalanterior domain of FgfR1 overlaps with the Fgf9 domain (Figure 3.8 C–D). FgfR2 showed
weak proximal expression at stage 44 and was later expressed during stages 45–46 in a
domain

proximal

to Fgf8, 9 and 17 (Figure

3.8

A–E).

Lastly,

we

examined Gremlin1 expression in developing salamander limbs, and observed strong
mesenchymal expression until digits began condensing at stage 48 (Figure 3.8 A). We also
detected Gremlin1 staining at stage 49 in the area destined to become digits III and IV
(Figure 3.8 A). Taken together, our expression analysis shows that key Fgf ligands
normally expressed in the ectoderm during amniote and anuran limb development are
instead, compartmentalized entirely in the limb mesenchyme (Figure 3.8 E).
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Figure 3.8 Amniote and anuran AER-specific Fgf ligands (8, 9, 17) are expressed
exclusively in axolotl limb mesenchyme. (A, C–E) Dorsal views of stage 44–49 axolotl
forelimbs with anterior (A) on top and posterior (P) on the bottom of each panel. Red
arrows indicate expression domains. (A) Gremlin1 and Fgf8 expression at forelimb stages
44–49. Gremlin1 is first expressed distally across the anteroposterior axis at stage 45. As
the limb bud lengthens Gremlin1 expression becomes centralized at the developing
zeugopod and remains strongly expressed through stage 47.
Between stages
48 and 49 Gremlin1 expression becomes posteriorly restricted. Fgf8 is expressed
exclusively in the mesenchyme (stages 44-48). Fgf8 expression is first detected at stage
44 with a slight anterior bias that expands distally until stage 46 and then shifts
proximally. Fgf8 expression was not detected at stage 49. (B) Fgf8 expression at stage 46
begins to segregate dorsoventrally and ultimately separates into separate dorsal and ventral
domains at stages 47–48. Anterior view of right limbs with dorsal side on top and ventral
side on bottom. (C) Fgf9 shows distal expression at stages 45–46 with an additional
proximal domain at stage 46. Fgf17 is expressed distally with a posterior bias at stage
46.
Fgf10 maintains distal mesenchymal expression at stages 45–46.
(D) FgfR1 and FgfR2 are expressed proximally at stages 44–46.
(E) Schematic
representation of expression patterns for Fgf8, Fgf9, Fgf17, Fgf10, FgfR1 and FgfR2 at
stages 44–46. Black brackets show the ectodermal layer.
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Figure 3.9 Fgf4 is expressed at extremely low levels in the limb mesenchyme. Dorsal
views of stage 44–46 axolotl forelimbs with anterior (A) on top and posterior (P) on the
bottom of each panel. Fgf4 expression was not apparent in limb buds using in situ
hybridization (stage 44–45) or was extremely weak at stage 46 in the mesenchyme.
3.3.4

Single-cell RNA-seq analysis supports spatial segregation
of Fgf ligands and receptors

Our gene expression analysis suggested that Fgf ligands and their cognate receptors
might be spatially segregated within the limb mesenchyme. To address this possibility, we
analyzed single-cell RNA-seq (scRNA-seq) data from developing axolotl limbs that
matched our limb stages 44 and 45 (see Materials and methods) (Gerber et al., 2018a).
Single-cell data acquired from these developing limbs included only mesenchymal cells
(Gerber et al., 2018a). Using principal component analysis, we first identified principal
component 3 (PC3) as a model for the proximodistal (P-D) axis during stage 45 based on
known proximal and distal marker genes (Figure 3.10 A and Figure 3.11). Specifically,
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we found that proximal (Meis1 and Meis2) and distal markers (Fgf8 and Hoxd11) were
expressed in cells on the opposite ends of contributors to PC3 (Figure 3.10 A–B and Figure
3.11). Moreover, Etv4 and Dups6 which are direct targets of Fgf8 were among the top 20
genes contributing to the distal end (Hoxd11+) of PC3 (Figure 3.10A–B and Figure 3.11).
Consistent with expression patterns revealed by in situ hybridization, Fgf ligands such
as Fgf8, 9, 17 and 10 were

all

restricted

to

the

distal

end

of

PC3,

while Fgf receptors FgfR1-4 were restricted to the proximal end (Figure 3.10 A–
B and Figure 3.11). Despite seeing FgfR1 expressed broadly across the modeled proximaldistal axis, our analysis showed that FgfR1 was expressed to a greater extent in cells at the
proximal end of PC3 (Figure 3.10 A–B). Statistical analysis confirmed that Fgf ligands
(n = 12) and Fgf receptors (n = 5) were separated along PC3 (Welch Two Sample ttest, T = −4.1588, p=0.0038). We also asked whether Fgf ligands and receptors might still
be co-expressed in some cells and found that where FgfR1 was expressed in the distal
portion of PC3, some of these cells also expressed Fgf8, Fgf9 and Fgf17 (Figure 3.12).
However, we found few to no cells co-expressing FgfR2-4 and Fgf8, 9 and 17 (Figure
3.12). Considered together with our spatiotemporal expression analysis, our scRNA-seq
analysis supports compartmentalization of Fgf-signaling within the developing limb
mesenchyme and largely points to cellular segregation of ligand-receptor interactions.
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Figure 3.10 Fgf ligands and receptors are segregated along a modeled proximodistal
axis. (A) Gene expression levels on PCA plot (PC3 vs PC4) for stage 45 limb bud
mesenchyme. PC3 models the proximodistal axis of limb bud development exemplified
by the expression of Meis1 (proximal) and Hoxd11 (distal). (B) Contributions of axolotl
genes to PC3 highlighting the opposite directions of proximal (Meis1) and distal
(Hoxd11) markers and that Fgf ligands and receptors are separated along the proximaldistal axis. The sigmoidal curve follows a normal distribution (Shapiro-Wilks normality
test, W = 0.95551, p<2.2e-16).
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Figure 3.11 Top twenty loadings of positive and negative axes of PC3 from PCA of
stage 45 forelimbs. Hoxd11 and Meis2 are the top contributors to PC3 on opposite sides
of the vector.

69

Figure 3.12 Cells expressing FgfR1 also express Fgf 8, 9, 10 and 17. (A–D) Coexpression (blue) of Fgf ligands and receptors on PCA plot (PC3 vs PC4) from stage 45
limb buds. Expression was defined as one or more RNA-seq reads mapped to the gene in
question.

3.3.5

Early inhibition of Fgf-signaling reduces cell proliferation and leads
to loss of posterior digits

In amniotes and anurans, a Shh-Grem-Fgf signaling loop regulates proximodistal
outgrowth and maintains limb bud mesenchyme in a proliferative, undifferentiated, and
multipotent state (Globus and Vethamany‐Globus, 1976; Reiter and Solursh, 1982; ten
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Berge et al., 2008; Towers et al., 2008). To identify if a similar signaling loop exists in
salamanders, we tested the functional requirement for Shh- and Fgf-signaling during
axolotl limb development. First, in order to explore mesenchymal Fgf-signaling, we used
the broad spectrum Fgf-receptor inhibitor (SU5402) that selectively binds to the
intracellular kinase domain thereby inhibiting downstream signaling (Mohammadi et al.,
1997). We treated axolotl embryos with SU5402 beginning prior to limb bud outgrowth
from the flank (at stage 39) and then harvested limbs at stages 45, 46 or 54 (Figure 3.13
A). We administered SU5402 based on a dose-response study and selected a maximum
dose that could be delivered continuously which was not toxic to the developing animals
(see Methods). Limb buds harvested at stage 45 did not show a significant difference in
limb size between treatment and control animals (one-tailed student’s t-test, T = −1.68637,
p=0.0514) (Figure 3.14 A) whereas those harvested at stage 46 exhibited significantly
smaller limbs (one-tailed student’s t-test, T = −8.7759, p<0.0001) (Figure 3.13 B).
Although we did find a small, but significant decrease in total animal length (snout to tailtip length) following SU5402 treatment (one-tailed student’s t-test, T = −4.52, p=0.0007)
(Figure 3.14 B), this did not account for the size differences between treatment and control
limbs (T = −8.1, p<0.44). To test the efficacy of Fgf-signaling inhibition, we determined
expression of the Fgf-signaling targets Etv1 and Etv4 (Kawakami et al., 2003) (Figure 3.13
C–E). In response to Fgf inhibition, we were unable to detect Etv1 expression in the limb
bud at stages 45 or 46 and Etv4 expression was barely detectable (Figure 3.13 C–D). qRTPCR confirmed that both targets were significantly down-regulated at stage 46 (Figure 3.13
E).
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To determine if Fgf-signaling controls Shh-signaling, we quantified Shh expression
in response to Fgf inhibition and found that it was reduced compared to control limbs
(Figure 3.13 E). Given the relatively small number of Shh-expressing cells at these early
time points, we asked if reduced Shh transcription translated into reduced pathway activity
as assessed by Ptch1 expression (Figure 3.13 E–G). Using qRT-PCR and in situ, we found
that Ptch1 was not reduced in treated limb buds suggesting that Shh pathway activity
remained normal (Figure 3.13 E–G). Interestingly, while Gremlin1 is inhibited by AERFgf-signaling in amniotes (Merino et al., 1999; Verheyden and Sun, 2008b), we found
that Gremlin1 expression was virtually eliminated in SU5042-treated limbs (Figure 3.13
E–G).
Loss of AER-Fgf-signaling during mouse limb development does not affect cell
proliferation but produces smaller limbs and proximal truncation due to increased proximal
cell death (Mariani et al., 2008; Sun et al., 2002). We used Lysotracker to mark dying cells
(Mariani et al., 2008; Seifert et al., 2009) and during normal limb development we did not
detect any dying cells (Figure 3.15). Similarly, when we inhibited Fgf-signaling we did
not detect dying cells in limb buds (Figure 3.15). We next assessed if smaller limbs might
have resulted from alterations in cell proliferation (Figure 3.13 H–I). Inhibiting Fgfsignaling as above, we examined actively proliferating cells (EdU+) in treated and control
stage 46 limb buds using lightsheet microscopy (Figure 3.13 H–I). We calculated the
proliferative population as a fraction of total limb volume and observed an 83% decrease
in actively proliferating cells (one-way ANOVA, Kruskal-Wallis test, p<0.05) (Figure 3.13
I).

While the decrease in proliferating cells appeared proportionally across the
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anteroposterior axis, we noted that proliferating cells were nearly absent from the proximal
limb bud and from a small distal domain in treated limbs (Figure 3.13 H).
To determine the ultimate effect of Fgf inhibition on limb development, we
assessed the effect of treating embryos from before limb outgrowth until all four digits
appeared in control limbs at stage 54 (Figure 3.13 J–K). Analyzing the forelimb skeleton,
we found that inhibiting Fgf-signaling led to smaller, but nearly complete limbs which
generally lacked posterior digit IV (Figure 3.13 J–K). Specifically, 73.5% of SU5402treated embryos exhibited this phenotype (25/34) while ~11% (4/34) had fewer than three
digits (Figure 3.13 I). In those cases where more than one digit was lost, the missing digits
were the next most posterior in sequence. These results reveal that Fgf-signaling regulates
mesenchymal proliferation, but not cell survival during axolotl limb development. Thus,
inhibiting Fgf-signaling leads to smaller limbs and loss of posterior digits, a result
consistent with colchicine treatment of developing axolotl and Xenopus larva (Alberch and
Gale, 1983). Lastly, Fgf-signaling regulates Gremlin1 expression, whereas Shh-signaling
is relatively independent of Fgf-signaling.
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Figure 3.13 Early inhibition of Fgf-signaling reduces cell proliferation and leads to
loss of posterior digits. (A) Design for SU5402 and DMSO treatments. Capital letters
refer to harvest stage and figure panel. Red ovals depict dorsal muscle blocks. (B) Limb
bud size (area) at stage 46 shows a significant decrease in SU5402-treated larvae (onetailed student’s t-test, T = −8.7759, asterisk represents p<0.0001, n = 5 for DMSO and
n = 6 for SU5402). Error bars represent standard error of mean. Scale bar = 100 µm. (C–
D) SU5402 treatment efficiently down-regulates Fgf-signaling targets Etv1 and Etv4 at
stages 45 and 46. (E) qRT-PCR analysis of stage 46 limb buds from DMSO (control) and
SU5402 treatments indicates down-regulation of Etv1, Etv4, Gremlin1 and Shh. In
contrast, Ptch1 expression appeared unaffected in the treated limbs (two tailed t-test; Etv1:
T = −19.13, p<0.0001; Etv4: T = −9.79, p=0.0006; Gremlin1: T = −4.14, p=0.014; Shh:
T = −6.95, p=0.0022 and Ptch1: T = 2.44, p=0.070; n = 3 for DMSO and n = 3 for SU5402;
asterisk depicts significant p-values; n.s = not significant). Relative gene expression
depicted as 2-ΔΔCt values with GAPDH as the housekeeping gene. Error bars represent
standard error of mean.
(F–G) SU5402 treatments cause a down-regulation
of Gremlin1 while Ptch1 expression remained unaffected at both stages. (H–I) SU540274

treated stage 46 limbs show a significant decrease in the EdU-positive cells. Lightsheet
images are depicted as volume rendered red cell aggregates within a hand drawn limb mask
(dorsal view with anterior A on top and posterior P on the bottom), mid-longitudinal
sections (blue box = plane of section) of the volume rendered limbs and mid-transverse
sections (green box = plane of section) of the volume rendered limbs (H). Abbreviations:
dorsal (D) and ventral (V) in the mid-transverse sections. The in-set images on top of the
mid-transverse sections depict the orientation of the limb and the plane of section. Cell
proliferation is down-regulated throughout the limb, and very few proliferating cells were
present in the proximal and distal parts of treated limbs (yellow arrows). Scale bar = 100
µm. (I) Statistical comparisons within control (DMSO) and treatment (SU5402) groups
were determined by one-way ANOVA (Kruskal-Wallis tests). n = 3 for DMSO and
SU5402. Horizontal bars represent median values; p<0.05. Asterisk depicts significant pvalue. (J) Alcian blue stained DMSO (control) and SU5402-treated stage 54 limbs. (K)
Drug-treated animals had smaller limbs with 73.5% lacking posterior digit IV (red star in
J indicates position of missing digit). Scale bar = 1 mm.

Figure 3.14 Effect of DMSO, SU5402, ethanol and cyclopamine treatments on limb
size at stage 45 and snout to tail-tip length at stage 46. (A) Limb buds harvested at stage
45 did not show a significant difference in limb size between DMSO (control) and SU5402
treated animals (one-tailed student’s t-test, T = −1.68637, p=0.0514, n = 15 for DMSO and
SU5402). Scale bar = 100 µm. (B) SU5402-treated animals (at stage 46) show a small,
but significant decrease in snout to tail-tip length compared to DMSO (control) treated
animals (one-tailed student’s t-test, T = −4.52, p=0.0007, n = 5 for DMSO and n = 6 for
SU5402). Scale bar = 1 mm. (C) Limb buds harvested at stage 45 did not show a
significant difference in limb size between ethanol (control) and cyclopamine-treated
animals (one-tailed student’s t-test, T = 1.43, p=0.909, n = 6 for ethanol and cyclopamine).
Scale bar = 100 µm. (D) Cyclopamine-treated animals (at stage 46) show a small, but
significant decrease in snout to tail-tip length compared to ethanol (control) treated animals
(one-tailed student’s t-test, T = 3.87, p<0.0016, n = 6 for ethanol and cyclopamine). Scale
bar = 1 mm. Red dotted lines in B and D represent snout to tail-tip measurements. Mean
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values are plotted as bar diagrams and error bars represent standard error of mean. Asterisk
depicts significant p-values. n.s = not significant.

Figure 3.15 Cell death is not evident during normal axolotl forelimb development or
in response to inhibition of Fgf- or Shh-signaling. Lysotracker marks dying cells in the
axolotl. Positive cells (yellow arrows) are present in the axolotl tail during stage 46 of limb
development. Very few Lysotracker+ cells are detected during normal development in
stages 44 and 46 axolotl limb buds. Similarly, inhibiting Fgf-signaling (SU5402 treatment)
or Shh-signaling (cyclopamine treatment) does not increase cell death in drug-treated limb
buds. The control limbs (DMSO or ethanol treated) also do not show any cell death. Limbs
are depicted at the same scale. SU5402 and cyclopamine-treated limbs are smaller at stage
46 compared to control limbs as quantified in Figure 3.13.
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3.3.6

Sonic hedgehog-signaling regulates Fgf8 expression during axolotl
limb development

While our results above suggest that a Shh-Grem-Fgf signaling loop does occur
during axolotl limb development, we sought to examine if Fgf-signaling was reliant on
Shh-signaling. Using cyclopamine to inhibit Shh signal transduction, previous work
showed that Shh-signaling controls anterior-posterior patterning of the zeugopod and
autopod during axolotl limb development, a role consistent with ZPA function in other
tetrapods (Stopper

and

Wagner,

2007b).

Cyclopamine-treated

axolotl

limbs

phenocopied Shh-/- mouse limbs with significant proximodistal outgrowth, fusion of the
radius/ulna, and almost complete loss of the autopod (Chiang et al., 2001b). To analyze
the interaction of Shh- and Fgf-signaling during limb bud outgrowth, we treated stage 39
larvae with cyclopamine for 10 days and analyzed the limb buds at stages 45 and 46 (Figure
3.16 A). Limb buds harvested at stage 45 did not show a significant difference in limb size
between treatment and control animals (one-tailed student’s t-test, T = 1.43, p=0.909)
(Figure 3.14 C), whereas at stage 46, limb buds from cyclopamine-treated larvae were
significantly smaller compared to control treated limbs (one-tailed student’s ttest, T = 8.36, p<0.0001) and this effect was independent of (T = 0.03, p=0.975) a small,
but significant decrease in animal length (one-tailed student’s t-test, T = 3.87, p<0.0016)
(Figure 3.16 B and Figure 3.14 D). Analyzing Ptch1 expression by qRT-PCR and in situ
hybridization, we found that cyclopamine treatment efficiently inhibited hedgehog
signaling in limb buds (Figure 3.16 C–E). Using qRT-PCR we saw a significant reduction
in Fgf8 and Gremlin1 expression at stage 46 and using in situ we were unable to detect
these genes at either stage 45 or 46 (Figure 3.16 B–D).
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These data

place Fgf8 and Gremlin1 downstream of Shh-signaling during axolotl limb development.
We also tested whether Shh-signaling controlled cell survival and cell proliferation.
Similar to our results using SU5042, when we inhibited Shh-signaling we did not observe
cell death in developing limb buds (Figure 3.15). However, we did find that loss of Shhsignaling led to a 53% reduction in cell proliferation (Figure 3.16 F–G). Whereas Fgfinhibition led to proportionally smaller limbs, Shh-inhibition led to a dramatic loss of cell
proliferation in the distal limb bud (one-way ANOVA, Kruskal-Wallis test, p<0.05)
(Figure 3.16 F). Together, our findings place Fgf8 downstream of Shh-signaling and
suggest that Shh-signaling also controls cell proliferation, although more specifically in the
distal limb bud where digit progenitors reside.
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Figure 3.16 Sonic hedgehog signaling regulates Fgf8 expression and distal cell
proliferation during axolotl limb development. (A) Design for cyclopamine and ethanol
treatments. Capital letters refer to harvest stage and figure panel. Red ovals depict dorsal
muscle blocks. (B) Limb bud size (area) at stage 46 shows a significant decrease in
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cyclopamine-treated larvae (one-tailed student’s t-test, T = 8.36, p<0.0001, n = 6 each for
ethanol and cyclopamine). Scale bar = 100 µm. (C) Real-time PCR analysis
of Ptch1, Gremlin1 and Fgf8 in stage 46 limb buds from ethanol (control) and
cyclopamine treatments (one tailed t-test; asterisk depicts significant p-values; Ptch1:
T = 4.95, p=0.0039; Gremlin1: T = 5.97, p=0.002 and Fgf8: T = 11.22, p=0.0002; n = 3 for
ethanol and cyclopamine). Relative gene expression depicted as 2-ΔΔCt values
with RPL32 as the housekeeping gene. Error bars represent standard error of mean. (D–
E) Cyclopamine treatment efficiently down-regulates Ptch1 and therefore Shh-signaling.
Cyclopamine treatment also down-regulates Gremlin1 and Fgf8. (F–G) Cyclopaminetreated stage 46 limbs show a significant decrease in EdU-positive cells. Lightsheet images
depicted as volume rendered red cell aggregates within a hand drawn limb mask (dorsal
view with anterior A on top and posterior P on the bottom), mid-longitudinal sections (blue
box = plane of section) of the volume rendered limbs and mid-transverse sections (green
box = plane of section) of the volume rendered limbs. Abbreviations: dorsal (D) and
ventral (V) in the mid-transverse sections. The in-set images on top of the mid-transverse
sections depict the orientation of the limb and the plane of section. There is a domain
specific loss of cell proliferation in the proximal and distal parts of the treated limbs (yellow
arrows). Scale bar = 100 µm. (G) Comparisons within control (ethanol) and treatment
(cyclopamine) groups were determined by one-way ANOVA (Kruskal-Wallis tests); n = 3
for ethanol and cyclopamine. Horizontal bars represent median values; p<0.05. Asterisk
depicts significant p-value.
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4.1

Abstract
Decades of limb development studies based on mouse and chicken embryos have

established a role for two major signaling centers during limb development: the apical
ectodermal ridge (AER) and the zone of polarizing activity (ZPA). In these embryos,
signals secreted from the AER controls cell survival and limb bud outgrowth while also
serving to maintain gene expression in the ZPA.

In turn, the ZPA regulates cell

proliferation and cell survival, establishes polarity along the anterior-posterior axis, and
maintains the AER. Salamanders, however, seem to deviate from this basic arrangement.
Fibroblast growth factors (Fgfs) secreted from the AER are instead restricted to the
mesenchyme and do not appear to regulate limb bud outgrowth. Here we tested the
functional requirement for Sonic hedgehog (Shh) during salamander limb bud
development using CRISPR/Cas9 mediated knockouts in tandem with pharmacological
inhibition. F0 Shh-null embryos phenocopy Shh knockout mice in some respects: they
exhibit a mis-patterned axial skeleton, cyclopia, anterior proboscis and associated craniofacial defects. In contrast to Shh KO mice, however, the forelimbs of F0 Shh null
salamanders exhibit no outgrowth and show no limb structures, a finding we substantiated
using a highly selective small molecule smoothened antagonist (BMS-833923). Moreover,
the limbless phenotype is rescued by SHH-N protein beads that stimulate initial outgrowth
and later skeletal differentiation from the humerus. These results support that Shh plays a
central and critical role in controlling patterning and outgrowth along all three limb axes
during salamander development. These findings suggest that salamanders have evolved a
derived mode of limb development compared to anurans and other tetrapods.
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4.2

Introduction
Pioneering studies by John Saunders led to the discovery of two major signaling

centers that coordinate vertebrate limb development along the proximodistal and
anteroposterior axes: the Apical Ectodermal Ridge (AER) and the Zone of Polarizing
Activity (ZPA) (Saunders Jr, 1948; Saunders Jr et al., 1962). AER excisions in chicken
embryos and gene knockout experiments in mice demonstrated that fibroblast growth
factors (Fgfs) secreted from the AER served to promote cell survival and proximal-distal
outgrowth of the limb (Mariani et al., 2008; Saunders Jr, 1948; Sun et al., 2000; Sun et al.,
2002). The role of Shh during vertebrate limb development has been extensively studied
in chick and mouse models and according to these studies, Shh controls anterior-posterior
patterning of the limb (Riddle et al., 1993; Yang et al., 1997; Zhu et al., 2008), maintains
the width of the AER and expression of AER- Fgfs via Gremlin1 (Harfe et al., 2004; Kraus
et al., 2001; Laufer et al., 1994; Niswander et al., 1994; Ros et al., 2003; Scherz et al.,
2007), regulates cell proliferation (Cooke and Summerbell, 1980; Towers et al., 2008;
Towers et al., 2011) and cell survival (Sanz-Ezquerro and Tickle, 2000) during limb
development. The spatial restriction of AER-Fgfs and Shh have been analyzed in a
spectrum of vertebrate species supporting conservation in the ectoderm and mesoderm
respectively (Christen and Slack, 1998; Crossley et al., 1996; Echelard et al., 1993;
Heikinheimo et al., 1994; Leal and Cohn, 2016; Neumann et al., 1999; Riddle et al., 1993).
Complicating generalization of these features to all tetrapods, functional studies of these
two domains have been extensively carried out primarily in chick and mammalian
embryos.
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Results from Chapter 3 showed that AER-Fgfs are restricted in the limb
mesenchyme and do not play a role in limb bud outgrowth (Purushothaman et al., 2019),
while cyclopamine based pharmacological inhibitions showed that Shh-signaling was
consistent with mouse and chick embryos and played a role in limb patterning. Because
Fgf-signaling appeared to play a less prominent role in regulating proximodistal
outgrowth, we sought to further explore the functional role for Shh using a highly specific
small molecule smoothened antagonist BMS-833923 and CRISPR/Cas9 deletion of Shh
in axolotls.
Cyclopamine has been extensively used as a smoothened antagonist to study the
role of Shh-signaling during appendage development and regeneration in vertebrates and
these studies have resulted in appendage phenotypes similar to Shh-/- mutant mice
(Armstrong et al., 2017; Chiang et al., 2001a; Chiang et al., 1996; Kraus et al., 2001;
Purushothaman et al., 2019; Roy and Gardiner, 2002; Satoh et al., 2006; Scherz et al.,
2007; Stopper and Wagner, 2007a). Cyclopamine treatments in the present study confirms
previous results in axolotls and shows limb defects distal to stylopod-zuegopod junction
confirming the role of Shh in anterior-posterior patterning of the limb skeleton
(Purushothaman et al., 2019; Stopper and Wagner, 2007a). However, studies in zebrafish
and cancer cell lines have reported smoothened independent off-target effects of
cyclopamine like apoptosis, dysregulation of cell adhesion and global decrease in cell
proliferation (Armstrong et al., 2017; Meyers-Needham et al., 2012; Mich et al., 2009;
Zhang et al., 2009a). In comparison to cyclopamine, a recent study found that a small
molecule smoothened antagonist BMS-833923 phenocopies smoothened null zebrafish to
a greater extent and based on these findings we decided to use BMS-833923 alongside
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cyclopamine to inhibit hedgehog pathway (Amstrong et al., 2017). Contradictory to
cyclopamine treated larvae, BMS-833923 treated larvae did not show any limb bud
outgrowth indicating that Shh might indeed play a more prominent regulatory role in
proximal-distal outgrowth of the axolotl limb similar to its role in fish pectoral fin bud
development (Chen et al., 2001; Neumann et al., 1999; Williams et al., 2015).
To further validate these results, we used CRISPR/Cas9 methodology in axolotls
to mutate a portion of the Shh gene locus. Shh CRISPR-Cas9 axolotl F0 knockouts
phenocopied Shh-/- mutant mice in many aspects including mis-patterned axial skeleton,
caudal truncations, partial to complete cyclopia, presence of an anterior proboscis and mispatterned cranio-facial structures (Chiang et al., 1996). Surprisingly, the Shh CRISPRCas9 knockouts, similar to BMS-833923 treated axolotl larvae, showed no limb bud
outgrowth due to a decrease in cell proliferation and induction of cell death. Moreover,
rescue experiments using SHH-N protein beads stimulate initial outgrowth and later
skeletal differentiation at the humerus level at the endpoint of the experiment. These results
strongly support that Shh controls proximal-distal outgrowth in axolotl limbs and that Fgfs
play a subordinate role in regulating limb size.

4.3

Results
4.3.1

Small molecule smoothened antagonist BMS-833923 inhibits limb bud
outgrowth in urodeles

Results from Chapter 3 showed that Fgf-signaling is compartmentalized in the
mesenchyme and does not regulate axolotl limb outgrowth along the proximodistal axis
(Purushothaman et al., 2019).

To find test the hypothesis that Shh coordinates

proximodistal outgrowth, we sought to inhibit Shh-signaling prior to and during limb
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development in axolotls. Although previous pharmacological studies in axolotls used
cyclopamine (Purushothaman et al., 2019; Stopper and Wagner, 2007a) to show that Shhsignaling regulates limb patterning along the anterior-posterior axis, we sought to
investigate this using a highly selective small molecule smoothened antagonist, BMS833923 (Akare et al., 2014). Previously this drug was shown to have a more potent and
specific role than cyclopamine in inhibiting hedgehog signaling during zebrafish
development and caudal fin regeneration (Armstrong et al., 2017). Pre-limb bud stage 39
axolotl larvae were treated with ethanol, cyclopamine or BMS-83392 for ten days and
harvested at stages 46 and 54 (Figure 4.1 A, see methods for details). The final limb
phenotype was analyzed using Alcian blue/Alizarin red staining at stage 54. While 50%
of the cyclopamine treated limbs had a humerus, radio-ulna and 1 or 2 digits, 92% of the
BMS-833923 treated limbs either had no outgrowth or had a small humeral bump (Figure
4.1 B).
Both cyclopamine and BMS-833923 treated limbs showed an early and significant
decrease in limb bud size at stage 46 (one way ANOVA followed by Tukey-Kramer HSD
post hoc test, q*=2.56, p-value=0.0026 (ethanol vs cyclopamine), p-value=0.046 (ethanol
vs BMS-833923 and p-value=0.34 (cyclopamine vs BMS-833923), n=6 each for ethanol,
cyclopamine and BMS-833923) (Figure 4.1 C). Cyclopamine and BMS-833923 treated
limbs also showed reduced expression of Ptch1 and both drugs effectively downregulated
hedgehog signaling in stage 46 limbs (Figure 4.1 D-F). The feedback loop genes,
Gremlin1 and Fgf8 were also significantly downregulated by cyclopamine and BMS833923 treatments (Figure 4.1 D-F) (One tailed t-test; Ptch1: T= 2.8, p=0.025; Gremlin1:
T= 6.8, p=0.0012 and Fgf8: T= 9.8, p=0.0003; n=3 each for ethanol and cyclopamine
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treatments. One tailed t-test; Ptch1: T= 3.1, p=0.018; Gremlin1: T= 4.3, p=0.0064 and
Fgf8: T= 5.8, p=0.0023; n=3 each for ethanol and BMS-833923 treatments).
Cyclopamine and BMS-833923 are both smoothened antagonists and yet result in
extremely different limb phenotypes in axolotls when used at similar concentrations. Both
the drugs also showed a range of phenotypes at lower frequencies (Figure 4.2). A small
percentage (8.3%) of cyclopamine treated larvae showed limb phenotypes like the BMS833923 treated larvae (Figure 4.2 B), so we next wanted to analyze whether a modified
protocol would give us overlapping results for both the drugs. Since an increased
concentration of cyclopamine resulted in lethality (data not shown) we decided to check if
an earlier treatment would give us overlapping results (Figure 4.3 A-C). Embryos were
treated at neural fold stage 19/20 with ethanol, cyclopamine or BMS-833923 for 10 days,
harvested at stage 54 and stained with Alcian blue/Alizarin red (Figure 4.3 A). While
BMS-833923 inhibited limb outgrowth in 100% of the cases, cyclopamine still resulted in
a spike with a humerus, radio/ulna and no digits in 100% of the cases (Figure 4.3 B). Thus,
in axolotls BMS-833923 was able to almost completely inhibit limb bud outgrowth
irrespective of the treatment stage while cyclopamine resulted in a stunted limb phenotype
even if introduced at an earlier stage, suggesting that Shh-signaling is required for
proximal-distal outgrowth (Figure 4.1 C).
Finally, to assess whether BMS-833923 would phenocopy cyclopamine in chick
embryos where the AER is required for proximodistal outgrowth, we treated chick
embryos with BMS-833923 at concentrations similar to previous cyclopamine
experiments (Scherz et al., 2007) (Figure 4.3 D). Chicken embryos were treated at stage
HH14 to exclude the possibility of any Shh-signaling prior to the treatments. Embryos
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were harvested when DMSO treated control embryos reached stage HH30-32 (Figure
4.3D). Chicken embryos treated with BMS-833923 showed limb outgrowth with an
evident stylopod, zeugopod and autopod similar to the most severely affected pair of wings
in the previous cyclopamine study (Scherz et al., 2007) (Figure 4.3 E). Thus, BMS-833923
mirrors the effected of cyclopamine on chicken wings cementing the role of Shh in
patterning anterior-posterior skeletal elements but playing a subordinate role to the AER
in regulating proximodistal outgrowth in amniotes (Figure 4.3 F).

Figure 4.1 Small molecule Smoothened antagonist BMS-833923 inhibits limb bud
outgrowth in axolotl larvae. (A) Experimental plan for ethanol (control), cyclopamine
and BMS-833923 treatments in axolotl (See methods for details). (B) Alcian blue/Alizarin
red stained ethanol, cyclopamine or BMS-833923 treated stage 54 limbs. 100% of the
ethanol treated larvae had normal limbs, 25% of the cyclopamine treated larvae had a
humerus, fused radius/ulna and 2 digits, 25% of the cyclopamine treated larvae had a
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humerus, fused radius/ulna and 1 digit and 66.7% of the BMS-833923 treated larvae had a
small humerus bud. Scale bar = 500 µm. Limb n=30 for ethanol, =24 for cyclopamine and
=36 for BMS-833923. (C) Cyclopamine and BMS-833923 treated limbs showed a
significant decrease in limb bud area compared to ethanol treated control limbs at stage 46
(one way ANOVA followed by Tukey-Kramer HSD post hoc test, q*=2.56, pvalue=0.0026 (ethanol vs cyclopamine), p-value=0.046 (ethanol vs BMS-833923 and pvalue=0.34 (cyclopamine vs BMS-833923), n=6 each for ethanol, cyclopamine and BMS833923). Scale bar = 100 µm. Error bars represent standard error of mean and asterisk
represents significant p-values. (D) In situ hybridization for ethanol (control), cyclopamine
or BMS-833923 treated stage 46 limbs (n=3-4). Ptch1 expression was downregulated in
cyclopamine and BMS-833923 treated larvae compared to ethanol treated controls
depicting the effectiveness of the drugs in downregulating hedgehog signaling. Genes like
Gremlin1 and Fgf8 involved in the feedback loop during limb bud outgrowth were also
downregulated in both the drug treatments. Scale bar = 100 µm. (E, F) qRT-PCR
validation of the Ptch1, Gremlin1 and Fgf8 expression in stage 46 limbs post ethanol
(control), cyclopamine or BMS-833923 treatments validate the in situ hybridization data.
One tailed t-test; Ptch1: T= 2.8, p=0.025; Gremlin1: T= 6.8, p=0.0012 and Fgf8: T= 9.8,
p=0.0003; n=3 each for ethanol and cyclopamine treatments. One tailed t-test; Ptch1: T=
3.1, p=0.018; Gremlin1: T= 4.3, p=0.0064 and Fgf8: T= 5.8, p=0.0023; n=3 each for
ethanol and BMS-833923 treatments. Relative gene expression is depicted as 2-DDCt values
with RPL32 as the housekeeping gene (refer Table 2.1 for primer sequences). Error bars
represent standard error of mean and asterisk represents significant p-values.
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Figure 4.2 Detailed range of limb phenotypes associated with ethanol, cyclopamine
and BMS-833923 treatments. (A) 100% of the ethanol treated larvae showed normal
phenotype with humerus (hu), radius (r), ulna (u) and an autopod with 4 digits (DI-IV).
(B) Different limb phenotypes with percentage cases associated with each phenotype upon
cyclopamine treatment. (C) Different limb phenotypes with percentage cases associated
with each phenotype upon BMS-833923 treatment. (D) Table depicting treatments, limb
phenotypes and percentage cases. Limb n=30 for ethanol, =24 for cyclopamine and =36
for BMS-833923. Scale bar=500 µm.

Figure 4.3 BMS-833923 and cyclopamine treatments in axolotls at neural fold stage
and in chick embryos. (A) Experimental plan for ethanol (control), cyclopamine or BMS833923 treatments at neural fold stage 19/20 in axolotls (See methods for details).
Treatment started at neural fold stage 19/20 and embryos/larvae were kept in the drug for
10 days. Larvae were harvested when ethanol (control) treated limbs reached stage 54.
(B) Alcian blue/Alizarin red staining showed that ethanol treated larvae had normal
phenotype with humerus (hu), radius (r), ulna (u) and an autopod with 4 digits (DI-IV),
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larvae treated with cyclopamine had a stunted humerus and fused radius/ulna with no digits
and larvae treated with BMS-833923 showed staining for the pectoral girdle but no
outgrowth (red star). n=3 for ethanol, cyclopamine and BMS-833923. Scale bar = 500
µm. (C) Schematic depicting the efficacy of cyclopamine and BMS-833923 and the
subsequent limb phenotype in axolotls. (D) Experimental plan for DMSO (control) and
BMS-833923 treatments in chicks (See methods for details). Treatment started at stage
HH14 and embryos were kept in the drug until harvest when control embryos reached stage
HH30/32. (E) Alcian blue/Alizarin red stained DMSO, cyclopamine (adapted from Scherz
et al., 2007) and BMS-833923 treated limbs. DMSO treated control larvae showed normal
phenotype with humerus (hu), radius (r), ulna (u) and an autopod with 3 digits (DII-IV).
BMS-833923 treated limbs had a stylopod (sty), zeugopod (zue) and autopod (aut) similar
to cyclopamine treated limbs. n=3 for DMSO and BMS-833923. Scale bar = 1mm. (F)
Schematic depicting the efficacy of cyclopamine and BMS-833923 and the subsequent
limb phenotype in chicks.

4.3.2

Shh-KO axolotl embryos exhibit no limb outgrowth

The 2739 bp coding sequence and the corresponding open reading frame for axolotl
Shh was obtained from www.axolotl-omics.org and multiple DNA template oligos for
guide RNAs (20-mer) were designed using the cloud-based informatics platform
Benchling (Figure 4.4 A, refer Table 2.1 for primer sequences, see methods for detailed
protocol). Three DNA template oligos were chosen based on high on-target/off-target
scores, were PCR amplified, and guide RNAs were synthesized via in vitro transcription
(Fei et al., 2018).
Three guide RNAs complementary to nearby targets were injected at the single-cell
stage in separate experiments (Figure 4.5 A, B). Each guide RNA showed reproducible
and overlapping phenotypes ruling out the chance for off-target effects due to guide RNA
injections (Figure 4.8 and 4.9). Representative animals from each guide RNA injection
were used for next generation sequencing (NGS) using Amplicon-EZ (Figure 4.5 C, see
methods for details). Each animal exhibited numerous mutation types like deletions and
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insertions. These mutations accounted for ~99% of the reads while wildtype (WT)
sequences accounted for ~0% of the reads.
F0 mutants phenocopied many aspects of Shh null mice (Chiang et al., 2001a;
Chiang et al., 1996). The representative phenotypes (with highest percentages) are
depicted in Figure 4.5 D (see Figure 4.8 and 4.9 for detailed phenotype ranges per guide
RNA). Some of the most striking phenotypes included a mis-patterned axial skeleton,
caudal truncations, partial to complete cyclopia and mis-patterned cranio-facial structures
(Figure 4.5 D). ~81% of the mutants had a mis-patterned skeleton with curved or stumpy
body axis (Figure 4.5 D). The anterior part of the head formed a bulged structure similar
to the proboscis in a Shh null mouse (red arrow in Figure 4.5 D) (Chiang et al., 2001a).
These mutants also showed significant caudal truncations (Figure 4.5 D, green dotted lines
represent the tail length, one tailed student’s t-test, T=1.98, p-value=0.0001, error bars
represent standard error of mean and asterisk represents significant p-values). ~87% of
the mutants showed partial cyclopia while a small percentage (3%) had a cyclopic eye
(Figure 4.5 D). The Shh mutants had smaller heads and lacked most of the anterior craniofacial structures (Figure 4.5 D).
The Shh knockout limbs did not show any outgrowth at stage 46 and lacked Ptch1
expression, depicting complete inhibition of hedgehog-signaling in the knockouts (Figure
4.6 A). Other components of the feedback loop, Gremlin1 and Fgf8 also showed no
expression in the knockout limbs, indicating that Shh-signaling lies upstream of these
genes during axolotl limb development (Figure 4.6 A). The knockouts were harvested at
a pre-feeding stage 48 since they cannot feed on artemia due to lack of jaw structures
(Figure 4.5 D, Alcian blue stain). We next analyzed the resulting limb skeleton using
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Alcian blue stain at stage 48. 100% of the control larvae showed limb bud outgrowth and
the presence of a humerus, radius and ulna while 82% of the Shh knockouts had no limb
outgrowth and showed staining for the pectoral girdle but no indication of zeugopodial or
autopodial elements (Figure 4.6 A, C).
To test whether or not off target effects could account for aspects of the limb
phenotype we targeted Tyrosinase (Tyr) using a previously published guide RNA (Fei et
al., 2018) (Figure 4.4 B). Representative larva from Tyr-guide RNA injection was used
for NGS using Amplicon-EZ (Figure 4.6 B). The larva had numerous mutation types like
deletions and base pair change. These mutations accounted for ~96% of the reads while
wildtype (WT) sequences accounted for 0.16% of the reads. Tyr-guide RNA injections
did not affect limb development and body axis in 100% cases (Figure 4.6 C-E) and resulted
in a significant loss of pigmentation in F0 knockouts (Figure 4.6 F). Hence Tyr-guide
RNA was a good control for limb development negating potential off-target effects caused
by guide RNA injections.
To further investigate whether Shh controls limb bud outgrowth in axolotls, we
performed a rescue experiment on the Shh knockout embryos. We grafted Affi-Gel blue
beads coated with SHH-N protein in 1x PSB with 0.1% Bovine Serum Albumin in right
limbs, while left limbs were used as contralateral controls by grafting Affi-Gel blue beads
coated with 1x PSB with 0.1% Bovine Serum Albumin (Figure 4.7 A, see methods for
details). Beads were implanted into Shh knockout limbs when the limbs of control larvae
reached stage 44 limb (corresponding to the first indications of outgrowth) and replaced
once every 3-4 days.

7/9 right limbs showed outgrowth (n=2 showed nubbin like

outgrowth, n=3 showed stage 45 limb bud, n=2 showed stage 46/47 limb bud) and out of
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these, 3 right limbs showed Alcian blue staining at the humerus level (Figure 4.7). These
3 limbs showed a nubbin like outgrowth four days post first bead implantation and the
limbs reached stage 45/46/47 by seven days post first bead implantation. None of the
contralateral control left limbs grew out beyond stage 44 (Figure 4.7).

Figure 4.4 Guide RNA synthesis. (A) Basic design for a DNA template (5’-3’) required
for guide Shh-guide RNA synthesis. The DNA template has four main parts; a 5’ adapter
(red), T7 promoter sequence (orange), a 20-mer guide oligo sequence (green) designed
against the target gene sequence using a cloud-based informatics platform called Benchling
and a complementary overhang sequence that will bind to the constant sequence during
template amplification step in C (See methods for further details). 3 DNA templates were
designed for three guide RNAs designed against three different regions of Shh gene. (B)
The DNA template for Tyrosinase (Tyr)-guide RNA consists of a 5’ adapter (red), T7
promoter sequence (orange), GG nucleotides (pink), 18-mer oligo sequence and a 3’
overhang sequence complementary to the constant sequence that will bind to the constant
sequence during template amplification (See methods for further details). The DNA
template sequence was adapted from Fei et al, 2018. Tyr-guide RNA sequence (green text)
complementary to the target tyrosinase gene sequence is highlighted in green and
Protospacer Adjacent Motif or PAM (GGG) in the target gene is highlighted in yellow. (C)
PCR for DNA template amplification using a constant sequence, forward primer gRNAfw2 and reverse primer DR274-rev is followed by purification of PCR product and in-vitro
transcription of guide RNA using T7 RNA-polymerase (refer Table 2.1 for primer
sequences). This protocol was adapted from Fei et al, 2018.
94

Figure 4.5 F0 knockouts for axolotl Shh replicate overall phenotypes of a Shh null
mouse. (A) Schematic representation of experiments at different stages post
CRISPR/Cas9 injections at single cell stage. (B) Target sequences for axolotl Shh (bold
and highlighted in red, green and blue) and 20-mer Shh-guide RNAs #1 (red), #2 (green)
and #3 (blue) complementary to the target sequences. Protospacer Adjacent Motif or PAM
(NGG) for each guide RNA target is highlighted in yellow. (C) Genotype of Shh-guide
RNA injected larvae analyzed using AmpliconEZ with total number of reads, top 90%
mutation types and frameshift mutation rates in the representative animals injected with
either Shh-guide RNAs #1, #2 or #3. The regions highlighted in red (Animal 1-Shh-guide
RNAs #1), green (Animal 1-Shh-guide RNAs #2) and blue (Animal 1-Shh-guide RNAs
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#3) are the target sequences for each guide RNA. Each animal had numerous mutation
types: deletions are depicted as hyphens and insertions are in lower case and red text. WT
stands for wild type sequence, -D represents nucleotide deletions and % reads for each
mutation type is represented against it. (D) Overall external phenotypes of larvae injected
with CRISPR control solution or Shh-guide RNA. All the images are representative (with
highest %) phenotypes. For detailed range of all the phenotypes per guide RNA refer
Figure 4.5). 100% of the control larvae showed straight body axis, normal position of the
eyes (red dotted lines) and well patterned cranio-facial bones. The craniofacial structure
of a control larvae is composed of the meckel (m), hypohyale (hh), basibranchial 1(bb1),
hypobranchial 1 (hb1), basibranchial 2 (bb2), hypobranchial 2 (hb2), ceratohyal (ch), and
4 ceratobranchials (cb1-4). Shh-guide RNA injected larvae showed the following
phenotypes: ~81% larvae showed curved/stumpy body axis, eyes depicted partial to
complete cyclopia in ~90% cases, anterior part of the head formed a bulged structure (red
arrow) similar to a proboscis in a Shh null mouse (Chiang et al., 1996), 100% larvae had
extremely mis-patterned cranio-facial structures with complete loss of anterior craniofacial structures (red star) and extremely mis-patterned posterior structures like cb1-4,
larvae showed significant caudal truncations (green dotted lines, one tailed student’s t-test,
T=1.98, p-value=0.0001, error bars represent standard error of mean and asterisk represents
significant p-values.). n=23 for control larvae and n=67 for Shh-guide RNA injected larvae
for body axis analysis, eye position analysis and tail length measurements, n=10 each for
control and Shh-guide RNA injected larvae for Alcian blue/Alizarin red staining for cranio
facial structures. Scale bar = 1 mm (for body axis), = 500 µm (for eye position and craniofacial structures).
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Figure 4.6 F0 knockouts for axolotl Shh show no limb bud outgrowth. (A and C) In
situ hybridizations for Ptch1, Gremlin1 and Fgf8 all showed downregulation of gene
expression in stage 46 Shh-guide RNA injected larval limbs. Alcian blue stain at stage 48
showed a normal stage 48 limb with humerus (hu), ulna (ul), radius (r) and notch (nt) in
100% control larvae and no limb outgrowth in 82% of the Shh-guide RNA injected larvae.
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Scale bar = 100 µm (for stage 46), = 500 µm (for Alcian blue staining). (B) Genotype of
Tyr-guide RNA injected larvae analyzed using AmpliconEZ with total number of reads,
top 90% mutation types and frameshift mutation rates in the representative animal injected
with Tyr-guide RNA. The animal had numerous mutation types: deletions are depicted as
hyphens and insertions are in lower case and red text. WT stands for wild type sequence,
-D represents nucleotide deletions and % reads for each mutation type is represented against
it. (C-E) In 100% Tyr-guide RNA injected larvae (n=37) limb bud outgrowth and body
axis was not affected. Similar to control limbs at stage 48, the Tyr-guide RNA injected
larvae had humerus (hu), ulna (ul), radius (r) and notch (nt). Scale bar = 1 mm (for body
axis), = 500 µm (for Alcian blue staining). (F) Eye pigmentation was calculated as pixel
intensity using FIJI software and pixel intensity ranges were as follows: pixel intensity=221
to 148 (high), =147 to 74 (moderate) and =73-0 (low). n= 46 for control larvae and n=74
for Tyrosinase-guide RNA injected larvae. Among the control larvae 48% showed high
pigmentation and 52% showed moderate pigmentation. Among the Tyr-guide RNA
injected larvae, 8% showed high pigmentation, 32% showed moderate pigmentation and
60% showed low pigmentation. Scale bar = 500 µm
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Figure 4.7 Rescue experiments show that Shh can induce limb bud outgrowth in F0
knockouts for axolotl. (A) Limb rescue experiments using agarose beads coated with
SHH-N protein. Beads were grafted when the control larval limbs reached stage 44. Shh
knockout (Shh KO) left limb was grafted with control Affi-Gel blue beads (red arrow)
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coated with 1x PBS with 0.1% BSA at 0, 4, 7 and 13 days post first bead implantation.
Left limbs showed no outgrowth post bead insertion. Shh KO right limb was grafted with
Affi-Gel blue beads (red arrow) soaked in 0.5 or 0.25 µg/ul SHH-N protein in 1x PBS with
0.1% BSA at 0, 4, 7 and 13 days post first bead implantation (See methods for details).
Right limb buds grew out as a nubbin (at 4 days first bead implantation) and looked similar
to a stage 46/47 limb at 7 and 13 days post first bead implantation (refer Purushothaman et
al., 2019 for limb staging). Yellow arrows depict the faint Alcian blue staining for
humerus. Scale bar =100 µm. (B) Table depicts the limb phenotypes (with limb n) of the
rescue experiment. n=3 for Alcian blue stained limbs.

Figure 4.8 The 3 Shh-guide RNA injections result in highly overlapping phenotypes
in independent experiments. (A) An elaborate layout of the different body axis
phenotypes in control and Shh-guide RNA injected larvae. 100% of the control larvae
depicted a straight body axis. 5.5% of the Shh-guide RNA#1 injected larvae and 44.4% of
the Shh-guide RNA#2 injected larvae showed a straight body axis. 94.44% of the Shhguide RNA#1 injected larvae, 55.55% of the Shh-guide RNA#2 injected larvae and 100%
of the Shh-guide RNA#3 injected larvae showed extremely mis-patterned body axis. The
mis-patterned body axis phenotypes include curved, extremely curved and stumpy. (B) An
elaborate layout of the position of the eyes in control and Shh-guide RNA injected larvae.
100% of the control larvae depicted normal eyes, placed equidistant from the midline on
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either side of the head. 5.5% of the Shh-guide RNA#1 injected larvae and 22.22% of the
Shh-guide RNA#2 injected larvae showed normal eyes, placed equidistant from the midline
on either side of the head (red dotted line depicts the distance between the midpoints of
eyes). 89% of the Shh-guide RNA#1 injected larvae, 74% of the Shh-guide RNA#2
injected larvae and 100% of the Shh-guide RNA#3 injected larvae had partial cyclopia (g,
j). 5.5% of the Shh-guide RNA#1 injected larvae and 3.7% of the Shh-guide RNA#2
injected larvae showed complete cyclopia. (C) An elaborate layout of limb phenotypes in
control and Shh-guide RNA injected larvae. All animals were harvested when the control
limb reached stage 49 with evident ulnare bulge (ub) and notch (nt) (m). 100% of the
control larvae had stage 49 limbs. 11% of the Shh-guide RNA#1 injected larvae and 37%
of the Shh-guide RNA#2 injected larvae also had limbs at either stages 49, 48 or 45. 89%
of the Shh-guide RNA#1 injected larvae, 63% of the Shh-guide RNA#2 injected larvae and
100% of the Shh-guide RNA#3 injected larvae did not have any limb bud outgrowths.
n=23 for control larvae, n=18 for Shh-guide RNA#1 injected larvae, n=27 for Shh-guide
RNA#2 injected larvae and n=22 or Shh-guide RNA#3 injected larvae. Scale bar = 1 mm
(for body axis), = 500 µm (for eye position) and =100 µm (limb stages).

Figure 4.9 Left and right limb phenotypes associated with body axis phenotypes in
Shh-guide RNA injected larvae. (A-C) Graph shows percentage of animals with limb
phenotypes like no limbs (blue), left and right limbs at stage 45 (red), left and right limbs
at stage 47-49 (green) or no left limbs and right limbs at stage 47-49 (yellow) with straight,
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curved, extremely curved or stumpy body axis post injection with Shh-guide RNA#1 (A),
Shh-guide RNA#2 (B) or Shh-guide RNA#3 (C). (A) Among Shh-guide RNA#1 injected
larvae, 5.6% had straight axis with no limbs, 61% had curved axis with no limbs, 5.6% had
curved axis with left and right limbs at stage 45, 22.2% had extremely curved axis with no
limbs and 5.6% had extremely curved axis with limbs at stage 45. (B) Among Shh-guide
RNA#2 injected larvae, 18.52% had straight axis with no limbs, 11% had straight axis with
left and right limbs at stage 47-49, 15% had straight axis with no left limbs and right limbs
at stage 47-49, 26% had curved axis with no limbs, 3.7% had curved axis with no left limbs
and right limbs at stage 47-49, 7.4% had extremely curved axis with no limbs, 3.7% had
extremely curved axis with left and right limbs at stage 47-49, 3.7% had extremely curved
axis with no left limbs and right limbs at stage 47-49 and 11% have stumpy axis with no
limbs. (C) Among Shh-guide RNA#3 injected larvae, 68% had curved axis with no limbs
and 31.8% had extremely curved axis with no limbs. The representative phenotypes are
depicted in images D-N. The dotted lines boarder the limb stump or the limb outgrowths,
yellow arrows point to limb stump and limb outgrowths, and red stars show the absence of
limbs. Scale bar = 1mm.

4.3.3

Shh controls cell proliferation and cell survival during axolotl limb
development

Having demonstrated that BMS-833923 treatments and Shh loss of function
mutations inhibit limb outgrowth in axolotls, we next sought to test whether this phenotype
was due to a decrease in cell proliferation and a spike in cell death. Cell proliferation in
stage 45 limbs was analyzed by exposing larvae to EdU for 24 hours. Fixed larvae were
stained for EdU and limbs were imaged using lightsheet microscopy (Purushothaman et
al., 2019). While cyclopamine treated stage 45 limbs showed a decrease in proliferating
cells at the distal tip of the limb, these limbs did not show a significant decrease in overall
EdU positive cells throughout the entire limb (Figure 4.10 A, C). Stage 45 limbs of the
BMS-833923 treated and Shh-guide RNA injected larvae showed a significant decrease in
the EdU positive cells (Figure 4.10 A-C) (one way ANOVA followed by Tukey-Kramer
HSD post hoc test, q*=3.07, p-value= 0.038 (ethanol vs BMS-833923), p-value= 0.64
(ethanol vs cyclopamine), p-value= 0.12 (cyclopamine vs BMS-833923); one way
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ANOVA followed by Tukey-Kramer HSD post hoc test, T= -31.6 and p-value= <0.0001
(control vs Shh-guide RNA)).
Lysotracker was used to label dying cells within the limb (Mariani et al., 2008;
Seifert et al., 2009). Stage 45 larvae were treated with Lysotracker for 45-60 mins and
fixed for analysis. Limbs of the BMS-833923 treated and Shh-guide RNA injected larvae
showed Lysotracker positive cells while larvae treated with ethanol or cyclopamine and
the control larvae for the CRISPR experiments did not show Lysotracker positive cells
(Figure 4.10 D). Cell death was more prominent in the proximal and distal ends of the
BMS-833923 treated limbs and seen throughout the limb stump of the Shh-guide RNA
injected larvae (Figure 4.10 D). Figure 4.9E summarizes the results of my experiments
examining how cyclopamine, BMS-833923 and Shh-loss of function (Shh-KO) affect cell
proliferation and cell death during axolotl limb development. The comparative analysis of
the two drugs, cyclopamine and BMS-833923 demonstrates that cyclopamine only
partially downregulates hedgehog signaling, cell proliferation and has no effect on cell
survival during axolotl limb development suggesting incomplete inhibition of Shhsignaling. In contrast, BMS-833923 treatment and Shh-loss of function reveal how cell
proliferation and cell survival are reliant on Shh-signaling and that loss of this signaling
pathway leads to a complete loss of limbs.
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Figure 4.10 Inhibition of hedgehog signaling decreases cell proliferation and
increases cell death. (A) Lightsheet images depicting EdU positive proliferating cells in
the ethanol, cyclopamine or BMS-833923 treated stage 45 limbs (See methods for detailed
protocol). (B) Lightsheet images depicting EdU positive proliferating cells in the control
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and Shh-guide RNA injected larvae. EdU positive proliferating cells are depicted as
volume rendered red cell aggregates within a hand drawn limb mask and blue box depicts
plane of section in the mid-longitudinal sections of the volume rendered limbs. Yellow
arrows point to zone lacking proliferating cells. (C) While BMS-833923 treated stage 45
limbs showed a significant decrease in EdU positive proliferating cells, cyclopamine
treated stage 45 limbs did not. (D) Shh-guide RNA injected limbs showed a significant
decrease in EdU positive proliferating cells. (one way ANOVA followed by TukeyKramer HSD post hoc test, q*=3.07, p-value= 0.038 (ethanol vs BMS-833923), p-value=
0.64 (ethanol vs cyclopamine), p-value= 0.12 (cyclopamine vs BMS-833923); one way
ANOVA followed by Tukey-Kramer HSD post hoc test, T= -31.6 and p-value= <0.0001
(control vs Shh-guide RNA)). Horizontal bars represent median values. Asterisk depicts
significant p-value. (E) Cell death assay using Lysotracker in stage 45 limb in the ethanol,
cyclopamine or BMS-833923 treatments and control or Shh-guide RNA injected larvae
(See methods for detailed protocol). Lysotracker positive cells (red arrows) were present
in the limbs of BMS-833923 treated and Shh-guide RNA injected larvae. All limbs are
projected in dorsal view with anterior (A) on top and posterior (P) on the bottom. n=3 each
for ethanol, cyclopamine, BMS-833923, control and Shh-guide RNA injected larvae for
cell proliferation and cell death assays. Scale bar =100 µm.
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5.1

Abstract
Molecular crosstalk between the epithelial and underlying mesenchymal

compartments regulate proximodistal and dorsoventral patterning during amniote limb
development. Data from Chapter 3 showed that urodeles differ from anurans and amniotes
in that they (1) lack an AER and (2) Fgf-signaling does not emanate from the epithelial
compartment but instead occurs entirely within the mesenchyme. Dorsoventral patterning
in amniote limb buds is controlled by genes restricted to the dorsal (Wnt7a, Rfng) or ventral
ectoderm (En-1). Additionally, some of these genes are also important for the induction
and maintenance of the AER and the ZPA. Hence, we asked whether these genes were
similarly compartmentalized in the mesenchyme during axolotl limb development.
Consistent with its role as a dorsalizing factor during amniote limb development, Lmx1b
exhibited tight restriction to the dorsal mesenchyme. In contrast to amniotes, however, we
found that En-1, Wnt7a and Rfng were not expressed in the ectoderm and were instead
evenly expressed throughout the limb bud mesenchyme across the dorsoventral axis.
Taken together, our gene expression data suggests that dorsoventral patterning in the
salamander limb is controlled through the molecular circuitry that exists in amniotes.
Together with our work showing Fgf-signaling restricted to the mesenchyme, our data casts
doubt on the importance of the ectoderm for axes specification in salamander limb
development.

5.2

Introduction
Surgical manipulations in the chick limb bud that rotated the limb axes suggested

that dorsal-ventral polarity is set up in the presumptive limb mesoderm and then mesoderm
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imparts this information to the ectoderm prior to limb bud outgrowth as early as stage 12
(Geduspan and Maccabe, 1989; MacCabe et al., 1974; MacCabe et al., 1973; Saunders Jr
and Reuss, 1974). Dorsalizing and ventralizing signals emanate from the somites and the
lateral plate (prospective ventral body wall) respectively and these signals are then passed
on to the overlying ectoderm (Michaud et al., 1997). Later, these signals were identified
as Bmps in the lateral plate and Noggin in the somites (Pizette et al., 2001). The expression
of Bmps in the prospective ventral ectoderm of the chick wing bud is induced by the
elevated levels of Bmps in the prospective ventral body wall mesoderm. The expression
of the transcription factor En-1 in the prospective ventral ectoderm of the chick wing and
leg buds and throughout the ventral ectoderm of the trunk is induced by the Bmps in the
ventral ectoderm (Logan et al., 1997).

Bmps expression is attenuated and Wnt7a

expression in the overlying dorsal ectoderm is induced by Noggin in the somites.
The expression of Wnt7a and the AER-positioning signal radical fringe (Rfng) is
restricted to the dorsal ectoderm by En-1 in the ventral ectoderm and further the expression
of Lmx1b in the dorsal mesenchyme is induced by Wnt7a (Altabef et al., 1997; Cygan et
al., 1997; Laufer et al., 1997; Logan et al., 1997; Loomis et al., 1998; Rodriguez-Esteban
et al., 1997; Vogel et al., 1995). Thus, these four genes are compartmentalized in the chick
and mouse limb buds with Wnt7a expressed in the dorsal non-AER ectoderm, Rfng
expressed in the entire dorsal ectoderm including the entire AER, En-1 is expressed in the
ventral ectoderm and half of the AER and Lmx1b expressed in the dorsal mesenchyme
before being expressed in the dorsal muscle precursors of the mouse limb bud (Cygan et
al., 1997; Dealy et al., 1993; Kania et al., 2000; Laufer et al., 1997; Logan et al., 1997;
Loomis et al., 1996; Moran et al., 1999; Riddle et al., 1995; Rodriguez-Esteban et al., 1997;
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Yang and Niswander, 1995). Gain of function experiments in chick and loss of function
experiments in mice revealed that Wnt7a, En-1 and Lmx1b are all essential for dorsalventral patterning of the limb (Chen et al., 1998; Logan et al., 1997; Loomis et al., 1996;
Parr and McMahon, 1995b; Riddle et al., 1995; Vogel et al., 1995). En-1-/- mice displayed
double dorsal limbs, while mis-expression of En-1 in the early dorsal chick limb buds
repressed Wnt7a and Lmx1 expressions in the dorsal ectoderm and underlying
mesenchyme respectively (Logan et al., 1997). Wnt7a mutant mice showed a dorsal-toventral transformation of cell fate within the limb (Parr and McMahon, 1995b). Ectopic
expression of Lmx1 in early chick limbs resulted in double-ventral limbs (Riddle et al.,
1995; Vogel et al., 1995).
The dorsal-ventral polarity genes are also involved in the induction and
maintenance of the two major signaling centers in the developing limb. The AER forms
at the dorsal-ventral boundary of a normal limb bud and its position and morphology are
governed by some of the dorsal-ventral polarity genes. For example, mis-expression and
targeted disruption of Wnt7a and Lmx1b did not affect the position or morphology of the
AER, while mis-expression of Rfng did (Chen et al., 1998; Cygan et al., 1997; Laufer et
al., 1997; Loomis et al., 1996; Loomis et al., 1998; Parr and McMahon, 1995b; Riddle et
al., 1995; Rodriguez-Esteban et al., 1997; Vogel et al., 1995). Additionally, the limb buds
of limbless chick mutants that lacked En-1 expression, did not have an AER and the limbs
of En-1-/- mice displayed a morphologically disrupted AER with altered Fgf8 and Fgf4
expressions (Grieshammer et al., 1996; Logan et al., 1997). Mutations in Sp6 and Sp8
genes showed that these factors work together in a dose-dependent manner to activate Fgf8
and En-1, and supported the link between the AER and the non-AER ectoderm (Haro et
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al., 2014).

The expression of Shh in the ZPA or more specifically in the dorsal

mesenchyme is also regulated by Wnt7a and Wnt7a mutant mice showed loss of posterior
digits (Akita, 1996; Parr and McMahon, 1995b; Yang and Niswander, 1995). The loss of
Wnt7a, Fgf8 and Fgf4 expressions En-1-/- mice limbs, led to the decreased expression of
Shh in the ZPA (Logan et al., 1997). These data suggest the presence of a regulatory
network between Wnt7a in the non-AER ectoderm, AER-Fgfs and Shh in the ZPA.
Very few studies have characterized how these dorsal-ventral polarity genes are
expressed in urodeles during limb development and no studies have characterized their
function. In the red spotted newt, Notophthalmus viridescens, Rfng showed diffuse, nonregionalized expression throughout the limb bud mesenchyme (Cadinouche et al., 1999).
In axolotls, Lmx1b is expressed in the dorsal mesenchyme while Wnt7a showed diffuse
expression throughout the distal limb bud with no ectodermal expression (Shimokawa et
al., 2013). There is clearly an incomplete literature for the dorsal-ventral pattering genes
in urodeles and in this short chapter, we characterize the spatiotemporal domains of the
four proposed dorsal-ventral polarity genes En-1, Wnt7a, Rfng and Lmx1b during limb
development from stages 44-49 (refer Table 2.1 for primer sequences). Here, we report
that all the four dorsal-ventral polarity genes are expressed throughout the mesenchyme
with no apparent regionalization along the DV axis with the exception of lmx1b which was
restricted to the dorsal mesenchyme.

5.3

Results
Wnt7a was faintly and diffusely expressed in the limb bud at stage 45 and the

diffuse expression is maintained till stage 47 (Figure 5.1) (the inset images at stages 46
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and 47 is the anterior view of the limb and depicts the dorsal side on top and ventral side
on the bottom).

Wnt7a expression was diffuse in the mesenchyme and was not

compartmentalized in the anterior, posterior, dorsal or ventral compartments (Fig 5.1
insets).

Figure 5.1 Spatio-temporal expression domains of Wnt7a during axolotl limb
development. Whole mount in situ hybridizations at stages 44-49. The main images depict
the dorsal view of the limb with anterior (A) at the top and posterior (P) at the bottom. The
inset images at stages 46-47 depict the anterior view of the limbs with dorsal (D) on top
and ventral (V) on the bottom. The dotted lines in the inset images delineate the 1-2 cell
layer thick ectoderm.

Similar to Wnt7a, Rfng showed diffuse expression beginning at stage 45 and
continuing through stage 47 (Figure 5.2). Anterior view in the inset images across stages
45-47 showed the mesenchymal restriction of this gene. Rfng expression is diffuse in the
mesenchyme and is not compartmentalized in the anterior, posterior, dorsal or ventral
compartments.
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Figure 5.2 Spatiotemporal expression domains of Rfng during axolotl limb
development. Whole mount in situ hybridizations at stages 44-49. The main images depict
the dorsal view of the limb with anterior (A) at the top and posterior (P) at the bottom. The
inset images at stages 45-47 depict the anterior view of the limbs with dorsal (D) on top
and ventral (V) on the bottom. The dotted lines in the inset images delineate the 1-2 cell
layer thick ectoderm.

En-1 showed diffuse expression during stages 45-46 (Figure 5.3). Anterior view in
the inset image at stages 46 showed the mesenchymal restriction of this gene. En-1
expression did not appear restricted to the anterior, posterior, dorsal or ventral regions.

Figure 5.3 Spatio-temporal expression domains of Engrailed-1 during axolotl limb
development. Whole mount in situ hybridizations at stages 44-49. The main images depict
the dorsal view of the limb with anterior (A) at the top and posterior (P) at the bottom. The
inset image at stage 46 depicts the anterior view of the limbs with dorsal (D) on top and
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ventral (V) on the bottom. The dotted lines in the inset image delineates the 1-2 cell
layer thick ectoderm.

In contrast to the other three genes analyzed, Lmx1b showed strong expression
beginning at stage 44 that was restricted to the dorsal aspect of the mesenchyme (Figure
5.4). The inset images at stages 44-46 clearly showed the dorsal restriction of the gene
expression.

The expression we observed for Lmx1b is consistent with previous

observations in salamanders and for chick and mouse limbs (Cygan et al., 1997;
Shimokawa et al., 2013; Vogel et al., 1995).

Figure 5.4 Spatio-temporal expression domains of Lmx1b during axolotl limb
development. Whole mount in situ hybridizations at stages 44-49. The main images depict
the dorsal view of the limb with anterior (A) at the top and posterior (P) at the bottom. The
inset images at stages 44-46 depict the anterior view of the limbs with dorsal (D) on top
and ventral (V) on the bottom. The dotted lines in the inset images delineate the 1-2 cell
layer thick ectoderm. The yellow arrows point to the dorsally restricted domain of Lmx1b
expression.
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CHAPTER 6. DISCUSSION AND CONCLUSIONS
6.1

Comparing forelimb development between urodeles, anurans and amniotes
Urodeles were among the first vertebrates used to study limb field specification and

morphogenesis (Harrison, 1918; Stocum and Fallon, 1982; Swett, 1937). Although chick
and mouse embryos largely replaced urodeles as model systems to study limb development,
a perpetual fascination with understanding the molecular basis of limb regeneration has
resurrected interest into amphibian limb development (Gerber et al., 2018a; Keenan and
Beck, 2016; Stocum, 1975).

Elucidating the cellular and molecular basis of limb

development in urodeles and other amphibians also has important implications for our
understanding of how limbs evolved (Alberch and Gale, 1983; Fröbisch and Shubin, 2011;
Stopper and Wagner, 2007b). Despite deep homology among tetrapod limbs, biologists
have long recognized several unique aspects of urodele limb development (Holmgren,
1933). For example, although the limb field in urodeles is established in the gastrula, the
limb bud does not emerge from the flank until much later in a free-swimming larva. Unlike
amniotes, this situation demonstrates a level of autonomous development that is temporally
de-coupled from limb specification and patterning of the main body axis (Stocum and
Fallon, 1982). Retinoic acid (RA) generated from the somites in chicks and mice diffuses
into the LPM where it permits correct spatiotemporal induction of Tbx5 (Cunningham et
al., 2013; Nishimoto et al., 2015; Stephens and McNulty, 1981). In contrast, during anuran
limb bud development which occurs in larval animals (similar to urodeles), retinoic acid
(RA) appears to be generated autonomously in the forelimb bud with raldh2 expressed
proximally and cyp26b distally (McEwan et al., 2011). In addition to limb heterochrony,
urodele limb buds do not form an apical ectodermal ridge (AER) (Sturdee and Connock,
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1975a; Tank et al., 1977) and exhibit preaxial dominance of the limb skeleton (Shubin and
Alberch, 1986). Lastly, urodeles can regenerate an entire limb, something no other group
of tetrapods can do as adults (Table 6.1). Thus, while these aspects of urodele limb
development challenge our notion of an inclusive vertebrate limb development model
(Zeller et al., 2009) they also beg the question; does the molecular machinery directing
limb morphogenesis exhibit critical differences when compared to amniotes and anurans?
In this study, we examined several key aspects of salamander limb development as
they relate to patterning and outgrowth of the tetrapod limb. In doing so, we considered
salient features of salamander forelimb development as they compare to Xenopus,
chickens and mice (summarized in Table 6.1). First, we confirm previous reports that
axolotls lack a morphological AER. Second, using Sox9 expression, we show that digit
specification occurs first along the metapterygial axis of the limb with digit II, and then
proceeds postaxial with digits I, III and IV. However, using Alcian blue staining as a proxy
for cartilage condensation, we show that digits I and II differentiate simultaneously and
are followed in sequence by digits III and IV. Thirdly, we show that Shh is restricted
posteriorly, and although Shh expression does not overlap with the autopod, ZPA cells
contribute to digit IV. Together with cyclopamine experiments these data support Shhsignaling as a key mediator of anterior-posterior patterning. Fourthly, we focused on the
cellular source of Fgf-signaling and find that, in contrast to anurans and amniotes where
reciprocal

signaling

is

compartmentalized

between

the

limb

ectoderm

and

mesenchyme, Fgf ligands (Fgf8, 9, 17, 10) and receptors (FgfR1-4) are all expressed solely
in the mesenchyme. By functionally testing the requirement for Fgf-signaling using a
broad Fgf-receptor antagonist (SU5042), we demonstrate that Fgf-signaling regulates limb
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size by controlling cell proliferation across all three limb axes. Again, this stands in
contrast to anurans and amniotes where Fgf-signaling regulates cell survival and cellular
differentiation along the proximal-distal axis. Another key finding from these experiments
is that Fgf-signaling regulates Gremlin1, whereas Shh-signaling is maintained in the face
of Fgf-inhibition. While these results strongly suggest that a Shh-Grem-Fgf signaling loop
is not present during salamander limb development, they do show that Fgf8 expression is
dependent on Shh-signaling. Together, our results show Shh-signaling from the ZPA has
maintained its core function while de-coupling itself from Fgf-signaling and that Fgfsignaling has evolved to regulate cell proliferation in the limb.
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Table 6.1 Salient features of forelimb development between axolotl, Xenopus, chicken
and mouse.
Feature

Axolotl

Xenopus

Chicken

Mouse

References

Autopod
skeletal
differentiation

Preaxial
dominance1

Postaxial dominance1

Postaxial dominance1

Postaxial
dominance1

1

Location of
ZPA domain

Posterior.
Excluded from
autopod1,*

Posterior. Extends
into autopod2

Posterior. Extends into
autopod3

Posterior. Extends
into autopod4

1

Contribution of
ZPA cells to
posterior
digit(s)

Yes (DiI
labeling)*

?

Yes (DiI labeling)1
No (GFP grafting)2

Yes (Genetic
labeling)3

1

Shh-signaling
during limb
development

Key mediator
of anteriorposterior
patterning1

Key mediator of
proximal-distal and
anterior-posterior
patterning2

Key mediator of anteriorposterior patterning3

Key mediator of
anterior-posterior
patterning4, 5

1

Morphological
AER

No1

Transient2

Yes3

Yes4

1

Molecular AER

No*

Yes

Yes

Yes

* This
study
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Shubin
and
Alberch,
1986
Torok et
al., 1999
2
Endo et
al., 1997
3
Riddle et
al., 1993
4
Echelard
et al., 1993
* This
study
Towers et
al., 2008
2
Towers et
al., 2011
3
Harfe et
al., 2004
* This
study
Stopper
and
Wagner,
2007
2
Stopper et
al., 2016
3
Ros et al.,
2003
4
Chiang et
al., 1996
5
Chiang et
al., 2001
Tank et
al., 1977
2
Tarin and
Sturdee,
1971
3
Saunders,
1948
4
Wanek et
al., 1989

Table 6.1 (continued)
Location of
AERspecific Fgfs (4,
8,9,17)

Mesenchyme*

AER1

AER2, 3, 4

AER2, 5, 6, 7, 8, 9

1

Location
of Fgf receptors

FgfR14 expressed
exclusively in
the
mesenchyme*

?

FgfR1IIIc, FgfR2IIIb,
FgfR3IIIb expressed in the
ectoderm
and FgfR1IIIb, FgfR2IIIc, F
gfR3IIIb/c and FgfR4 expres
sed in the mesenchyme1, 2

FgfR1IIIb and Fgf
R2IIIb expressed
in the
ectoderm and Fgf
R1IIIc, FgfR2IIIc,
FgfR3c and FgfR4
c expressed in the
mesenchyme3, 4, 5

1

Fgf-signaling
during limb
development

Controls cell
proliferation
and limb size*

?

Regulates proximodistal
patterning, cell survival and
cellular differentiation1, 2, 3,4

Regulates
proximodistal
patterning, cell
survival and
cellular
differentiation5, 6

1
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Christen
and Slack,
1997
2
Mahmoo
d et al.,
1995
3
Duprez et
al., 1996
4
Havens et
al., 2006
5
Ohuchi et
al., 1994
6
Crossley
and
Martin,
1995
7
Niswande
r and
Martin,
1992
8
Sun et al.,
2002
9
Sun et al.,
2000
* This
study
Havens et
al., 2006
2
Sheeba et
al., 2010
3
Min et
al., 1998
4
MacArth
ur et al.,
1995
5
Ornitz
and Itoh,
2015
* This
study
Saunders,
1948
2
Summerb
ell, 1974
3
Janners
and Searls,
1971
4
Dennis
Summerbel
l, 1977
5
Sun et al.,
2002
6
Mariani
et al., 2008
* This
study

Table 6.1 (continued)
Positive
regulation
of Gremlin1 by
Fgf-signaling in
the limb

Yes*

?

No1

No2

1

Positive
regulation of
Shh-signaling
by Fgfsignaling in the
limb

No*

?

Yes1

Yes2

1

Positive
regulation of
Fgf-signaling
by Shhsignaling in the
limb

Yes*

?

Yes1

Yes2

1

6.2

Merino et
al., 1999
2
Verheyde
n and Sun,
2008
* This
study
Crossley
et al., 1996
2
Lewando
ski et al.,
2000
* This
study
Laufer et
al., 1994
2
Harfe et
al., 2004
* This
study

Skeletal differentiation during axolotl forelimb development
Our analysis of skeletogenesis shows that axolotl digits appear to be specified in a

different order than they differentiate. Taking advantage of subtle variations in within
animal and between animal staging, our analysis using Sox9 expression shows a 2>1>3>4
pattern of digit specification. However, when we observed digit differentiation using
Alcian blue to label condensing cartilage we always found digit I and II appearing together
followed in sequence by digits III and IV. This pattern of digit differentiation is consistent
with that observed by other investigators using histological preparations (Fröbisch, 2008;
Shubin and Alberch, 1986) or Alcian blue (Nye et al., 2003a). These findings support
independent molecular control of digit specification and differentiation and hint at the wide
diversity in ontogenetic and heterochronic shifts that have occurred in the limb during
urodele

evolution

(Blanco

and

Alberch,

1992;

Franssen

et

al.,

2005).

Similarly, Sox9 expression shows spatiotemporal variability across urodeles (Kerney et al.,
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2018) and this underscores the need for more comparative limb studies to better understand
the ancestral condition. While preaxial vs. postaxial dominance of skeletal formation
clearly separates urodele limb development from anurans and amniotes, it is likely this
difference points to alterations in the upstream genetic control of digit specification
involving Fgfs, Bmps, and retinoic acid (Montero et al., 2017; ten Berge et al., 2008).

6.3

Developing urodele limbs lack a morphological and molecular AER
In amniotes and anurans, limb bud outgrowth and proximal-distal patterning are

controlled by the AER via expression of specific Fgf ligands (e.g. Fgf4, 8, 9, 17) (Cohn et
al., 1995b; Mariani et al., 2008; Ohuchi et al., 1997; Sun et al., 2000; Sun et al., 2002).
The AER maintains ZPA activity (Vogel and Tickle, 1993) and AER-Fgfs and Fgfregulated Etvs are essential in inducing and maintaining posterior expression of Shh in the
ZPA (Niswander, 2004; Zhang et al., 2009b).

Furthermore, Gremlin1 acts as an

intermediary between these signaling centers where it relays signals from the ZPA to
control Bmp-signaling and maintain the AER (Zeller et al., 2009; Zuniga, 2015). In stark
contrast to anurans and amniotes, our data represents the first instance of a tetrapod
lacking Fgf ligand and receptor expression in the developing limb bud ectoderm.
Although previous studies suggested that Fgf8 was expressed early in salamander limb
bud ectoderm (Han et al., 2001), a result consistent with studies in Monodelphis
domestica (Doroba and Sears, 2010) and Eleutherodactylus coqui (Gross et al., 2011)
which lack an AER but exhibit ectodermal Fgf8 expression, our findings during
development show this is not the case. Moreover, our expression patterns for Fgf8 are
consistent with recent data from regenerating axolotl limbs where Fgf8 expression was
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found restricted to the mesenchyme (Nacu et al., 2016).

Consistent with our

spatiotemporal expression results, analysis of scRNA-seq data from stage 45 axolotl limb
buds (Gerber et al., 2018a) showed similar patterns along a modeled proximodistal axis.
Co-expression analysis of Fgf ligands and receptors at stage 45 provide evidence that some
cells expressing FgfR1 also express several Fgf ligands.

Given the relatively small

number of cells analyzed in this dataset (<200), a more complete scRNA-seq analysis
across multiple time points will help address the complexity of Fgf-signaling and whether
mesenchymal cells secreting Fgf ligands respond in an autocrine fashion.

Our

experiments also call into question what role, if any, the ectoderm plays during urodele
limb development. For instance, experiments in Pleurodeles waltl showed that early stage
forelimb bud mesenchyme could autonomously develop a fully formed limb when grafted
under heterologous flank epidermis (Lauthier, 1985b). A clear functional role of the
ectoderm awaits genetic manipulation since manual removal of the ectoderm results in
rapid regeneration.

6.4

Fgf-signaling regulates cell proliferation and limb size
Our experiments using the Fgf receptor antagonist SU5402 sought to test if spatial

re-location of Fgf ligands and receptors affected the established function of Fgf-signaling
during anuran and amniote limb bud development. SU5402 inhibition (beginning before
limb bud outgrowth) revealed that the primary function of Fgf-signaling in axolotl limb
development is to regulate cell proliferation throughout the limb bud. It does not, however,
appear to control cellular differentiation, cell survival or proximodistal patterning.
Removal of the AER in chickens (Saunders Jr, 1948) leads to a stage dependent loss of
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skeletal elements in a proximal to distal direction and combined genetic deletion
of Fgf8/Fgf4/Fgf9 in the mouse AER (Mariani et al., 2008) leads to a complete loss of the
stylopod, zeugopod and autopod. In contrast, broadly inhibiting Fgf-signaling from the
outset of axolotl limb development phenocopies urodele limbs treated with the mitotic
inhibitor colchicine where in both cases, the most posterior digit fails to form in an
otherwise smaller, but normal limb (Alberch and Gale, 1983).

These results echo

experiments in chickens where pharmacological inhibition of cell proliferation using
trichostatin A, colchicine, or vinblastine leads to loss of anterior digits, which are the last
to form (Towers et al., 2008).

Broadly inhibiting Fgf-signaling also shows

that Shh operates independently of Fgf-signaling, while our cyclopamine experiments
show that Shh-signaling regulates Fgf8 expression.

In addition, our finding

that Gremlin1 is regulated by Fgf-signaling suggests further rearrangement of genetic
interactions observed in amniotes (Sun et al., 2000; Sun et al., 2002). Together, these data
show that while the role of Shh-signaling from the ZPA is conserved in salamander limb
development, movement of amniote/anuran AER-Fgf ligands to the mesenchyme was
accompanied by a change in how Fgf-signaling regulates limb development. Ultimately,
our findings support similar molecular players being deployed during limb development
across tetrapods but demonstrate that a divergent molecular program in urodeles resides
predominantly in one cellular compartment: the limb mesenchyme.

While it is tempting to speculate that mesenchymal compartmentalization of limb
developmental signaling is somehow causally related to regenerative ability, available data
suggests otherwise. Data from basal Actinopterygians (paddlefish), Chondrichthyians
(catfish) and anurans show ectodermal-mesenchymal segregation of the Shh- and Fgf122

signaling (Christen and Slack, 1998; Tulenko FJ, 2017). Pectoral fin regeneration is an
ancient feature of Actinopterygians, Sarcopterygians and Chondrichthyians suggesting that
mesenchymal core signaling alone is not exclusive to regenerating species. On the flip
side, anurans show subtle molecular differences during limb development compared to
amniotes, especially along the dorsoventral axis (Christen and Slack, 1998). Thus, it is
plausible that ectodermal-mesodermal compartmentalization was the first step toward
developmental canalization that ultimately increased robustness in the limb program,
specifically in the autopod. Future limb development studies using a diverse array of
anurans and lungfish will help shed light on these questions as will continued studies in
salamanders and newts.

6.5

Cyclopamine treatments suggest a conserved role for Shh-signaling during
vertebrate limb development
With respect to anterior-posterior patterning, our data show that the members of the

hedgehog signaling pathway are expressed in a mesenchymal pattern consistent with other
tetrapods studied to date. However, our results also reveal three important differences.
First, our data reveals that Shh expression appears relatively late during limb bud
outgrowth and after Fgf8 and Hoxd11 are expressed. Second, salamander forelimb buds
exhibit a proximal-anterior domain of Shh expression that emerges as the axolotl limb bud
begins to bend posteriorly; a domain which is not found during normal limb development
in amniotes and anurans. Third, posterior Shh expression corresponding to the ZPA
remains in a relatively small proximal domain (Torok et al., 1999) rather than the elongated
expression domain found in other tetrapods that extends the proximal-distal length of the
autopod (Matsubara et al., 2017; Riddle et al., 1993; Shapiro et al., 2003). With respect to
123

the first point, previous work has demonstrated that flank tissue surrounding the limb field
plays an important role in specifying the anteroposterior axis and thus, the temporal
appearance of Shh expression may be less important than its posterior induction (Stocum
and Fallon, 1982). In chick limbs, Hoxd11 can be induced by Shh, but only in proximity
to the AER or in the presence of AER-Fgfs (Laufer et al., 1994) and in Shh KO
mice Hoxd11 is still expressed in the limb bud (Chiang et al., 2001b). While intriguing,
the transient appearance of an anterior Shh domain is difficult to explain. We did not detect
an anterior necrotic zone, and Shh inhibition did not lead to increased cell death in this
region. Moreover, Shh inhibition produced phenotypes consistent with other amniote
models of limb development (Chiang et al., 2001b; Scherz et al., 2007; Stopper and
Wagner, 2007b; Towers et al., 2008; Vargas and Wagner, 2009; Zhu et al., 2008). When
Shh-signaling is inhibited in axolotls with cyclopamine, zeugopodial and autopodial
skeletal elements are lost in a posterior to anterior direction that is dependent on when
cyclopamine is administered (Stopper and Wagner, 2007b). A similar phenotype occurs
in chick embryos where elegant work demonstrated that Shh-signaling controls digit
progenitor specification and limb bud growth (Towers et al., 2008). When coupled with
the results of Shh inhibition (Stopper and Wagner, 2007b), our observations that Shhsignaling controls distal cell proliferation and that Shh-expressing cells contribute to digit
IV, our findings support a conserved role for Shh-signaling as it pertains to specifying digit
progenitors during limb development across all tetrapods. Future experiments ectopically
expressing Shh using beads or virus will serve as a means to test downstream targets of
Shh-signaling, as will transgenic elimination of Shh during development.

124

6.6

BMS-833923 inhibits Shh-signaling and limb outgrowth
The smoothened antagonist cyclopamine has been used to inhibit hedgehog

signaling in many animal models including zebrafish, Xenopus, salamanders and chickens
to study the role of this signaling pathways during appendage development and
regeneration (Armstrong et al., 2017; Purushothaman et al., 2019; Roy and Gardiner, 2002;
Satoh et al., 2006; Scherz et al., 2007; Stopper and Wagner, 2007a). Cyclopamine
treatments starting at early stages of limb development in chickens, Xenopus and axolotls
resulted in patterning defects distal to the stylopod-zeugopod junction, comparable to Shh/- mutant mice (Chiang et al., 2001a; Chiang et al., 1996; Kraus et al., 2001;
Purushothaman et al., 2019; Satoh et al., 2006; Scherz et al., 2007; Stopper and Wagner,
2007a).

Moreover, cyclopamine treatments during limb regeneration in axolotls

recapitulated this phenomenon (Roy and Gardiner, 2002).
Although cyclopamine treatments have resulted in Shh-/- mutant mice like
phenotypes in various animal models, studies in zebrafish and cancer cell lines reported
specific off-target effects (Armstrong et al., 2017; Meyers-Needham et al., 2012; Mich et
al., 2009; Zhang et al., 2009a). Cyclopamine can inhibit growth in breast cancer cell lines,
induced apoptosis in in Daoy human medulloblastoma cells and UM-SCC-14A or UMSCC-1 human head neck squamous cell carcinoma (HNSCC) cells and also perturbed
germ cell migration in zebrafish in a smoothened-independent fashion (Meyers-Needham
et al., 2012; Mich et al., 2009; Zhang et al., 2009a). A study by Amstrong et al., 2017
found that a smoothened antagonist BMS-833923, recapitulated phenotypes recovered in
smoothened null zebrafish underscoring the utility of this molecule to more completely
inhibit Shh-signaling. Additionally, BMS-833923 inhibition also showed that Shha/Smo
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signaling is involved in ray branching morphogenesis and not outgrowth during caudal fin
regeneration and this phenocopied zebrafish studies that involved laser ablation of Shha
expressing cells (Zhang et al., 2012). Based on these reports in zebrafish, we decided to
use BMS-833923 alongside cyclopamine to inhibit hedgehog signaling in axolotls at a prelimb bud stage 39. Since limbs emerge in salamanders relatively late in development,
treatment effects of the drug on overall body phenotype were negligible. Similar to
cyclopamine studies in chicken, our present cyclopamine data in axolotls also showed a
spectrum of patterning defects in the limb, possibly due to the variability in the uptake of
the drug (Scherz et al., 2007). While all the cyclopamine treated axolotls resulted in limb
defects distal to stylopod-zuegopod junction, 92% BMS-833923 treated axolotls either had
no outgrowth or had a small humerus bud. The BMS-833923 treated axolotl limb
phenocopied Shh-guide RNA injected axolotl larvae and this additionally supports the
notion that Shh could in fact be the key molecule that mediates the proximal-distal
outgrowth in urodele limbs. Similar to zebrafish, BMS-833923 could thus be a more
preferred hedgehog inhibitor in axolotls.

6.7

Loss of function Shh mutation in axolotls reveals that Shh-signaling controls
proximal-distal outgrowth of limb
Highly efficient gene knockout and knock-in protocols are now available for

targeted functional analyses of various genes involved during development and
regeneration in axolotls (Fei et al., 2018). This protocol using Cas9-NLS protein and guide
RNA results in a high frequency of homozygous frameshift mutations in F0 animals. Here
we produced F0 Shh knockouts using 3 different guide RNAs in independent experiments.
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All the 3 guide RNAs resulted in homozygous frameshift mutations with ~99%
mutagenesis rate (and highly overlapping phenotypes in F0 mutants. Our genetic loss of
Shh function results are the first in an amphibian species and revealed phenotypes
consistent with the known role for Shh during axial and craniofacial skeletal development
and body elongation (Chiang et al., 1996). Similar to homozygous germline Shh mouse
mutants, axolotl F0 Shh mutants did not survive to adulthood as Shh is critical for early
development (Chiang et al., 1996). Additionally, due to lack of jaw structures, larvae were
unable to feed and displayed excessive edema throughout the body. Due to the late
emergence of hindlimbs post feeding stages we were not able to assess the function of
Shh-signaling on hindlimb development, although our work with BMS-833923
underscores the usefulness of this molecule for late developing structures.
Shh is the key organizer of polarizing activity in the posterior mesoderm of a
developing vertebrate limb (Riddle et al., 1993). The limb is one of many structures that
is affected in Shh-/- mutant mice. The stylopod remains recognizable in all the four limbs,
while structures distal to the stylopod-zeugopod junction lack identifiable anteriorposterior polarity. The hindlimb autopod comprises of a single digit with digit-one identity
and the forelimb autopod lacks digits due to mesodermal cell death (Chiang et al., 2001a;
Chiang et al., 1996; Kraus et al., 2001). Studies based on cyclopamine treatments and
naturally occurring mutants in chickens show limb phenotypes similar to Shh-/- mutant
mice. Cyclopamine treatments on chicken embryos at stage 21 (E3) result in the loss of
ulna/fibula and autopod reduction in the limbs (Scherz et al., 2007). Studies on naturally
occurring oligozeugodactyly (ozd) chicken mutants that lack limb specific Shh expression
show that humerus/femur, radius/tibia and digit one are Shh independent while ulna/fibula
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and remaining digits are Shh dependent. These studies based on amniote models like mice
and chicken show that Shh is essential for limb skeletal patterning at a level distal to the
stylopod-zeugopod junction and sets up the anterior-posterior polarity in both forelimbs
and hindlimbs.
In this first ever study to knockout a part of the Shh gene in an amphibian species
we show that the role of Shh played during limb development is distinct from the amniote
limbs. The forelimbs in Shh knockout larvae start off as a small bud from the body wall
but fail to grow out in ~82% cases. Additionally Fgf8 was also completely absent in the
axolotl limbs which is contradictory to Shh-/- mutant mice limbs and cyclopamine treated
chicken wings that show a gradual decline in Fgf8 expression and AER integrity (Chiang
et al., 2001a; Scherz et al., 2007). This along with the results from our previous study
using SU5402 (inhibitor of Fgf-signaling) (Purushothaman et al., 2019) further places Shh
upstream of Fgf8 and questions the existence of an early feedback loop during axolotl limb
development.
Studies removing the chicken AER at successively early stages and triple knockout
of Fgfs 4, 8 and 9 in mice resulted in stunted limbs and proved the importance of AERFgfs in proximal-distal outgrowth (Mariani et al., 2008; Saunders Jr, 1948). Axolotl larvae
harvested at stage 48 showed Alcian blue staining only at the scapula level and rescue
experiments using SHH-N protein coated beads stimulated an initial outgrowth and later
skeletal differentiation at the humerus level at the endpoint of the experiment. The present
study parallels the experiment where an Fgf4 bead substituted for the transected AER and
triggered outgrowth and patterning of a chicken limb albeit the key molecule here in the
case of an axolotl limb is Shh (Niswander et al., 1993). Additionally, our previous study
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revealed that the AER-Fgfs that are expressed in the axolotl limb bud mesenchyme
regulate cell proliferation and limb size. The mesenchymal Fgfs in the axolotl limbs do
not control proximo-distal outgrowth and also, do not set up a positive feedback loop with
Shh like the amniote counterparts (Purushothaman et al., 2019).

In addition to AER-Fgfs, Shh induction, its maintenance and anterior-posterior
patterning of the limb also depends on endogenous retinoic acid (RA) and Wnt7a from the
dorsal non-AER ectoderm in amniotes (Laufer et al., 1994; Lu et al., 1997; Niswander et
al., 1994; Stratford et al., 1996; Stratford et al., 1999; Yang and Niswander, 1995). Chicken
limb bud with transected dorsal ectoderm and Wnt7a knockout mice both have final limb
phenotypes similar to Shh null mouse (Parr and McMahon, 1995a; Yang and Niswander,
1995). As Wnt7a expression in developing axolotl limbs is distal and diffuse unlike
amniotes, it is tempting to speculate an alternate mesenchyme dependent control of Shh
induction (Dealy et al., 1993; Parr et al., 1993; Shimokawa et al., 2013). The role of RA
in Shh induction and maintenance during vertebrate limb development is controversial
predominantly because the studies are based on two different approaches: pharmacological
treatments in birds and gene inactivation in mice. While studies in chicken and quail
showed that RA is required for proximal-distal outgrowth, Shh induction, its maintenance
and anterior-posterior patterning of the limb, mice mutants lacking RA synthesis showed
otherwise (Lu et al., 1997; Stratford et al., 1996; Stratford et al., 1999; Zhao et al., 2009).
Interestingly, RA inhibitions in quails resulted in limbs that lack dorsal-ventral polarity
(Stratford et al., 1999). Limb outgrowth is inhibited in axolotls after treating pre-limb stage
larvae with RARb antagonist LE135 (Nguyen et al., 2017). Moving forward, it would be
interesting to investigate the crosstalk between RA, Wnt7a and Shh during axolotl limb
development especially since Fgf-signaling does not play a central role during proximaldistal outgrowth of the limb.
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6.8

Shh is essential for cell survival and proliferation during limb development in
axolotls
Shh has a biphasic role during limb development where it sets up the anterior-

posterior positional values during early stages and mediates cell proliferation and cell
death of digit progenitors during later stages (Zhu et al., 2008). Additionally, Shhsignaling has a reciprocal relation with cell proliferation and cell death to maintain the
number of cells in the polarizing region (Chinnaiya et al., 2014; Sanz-Ezquerro and Tickle,
2000). Post smoothened inhibition and Shh knockout, axolotl limbs showed a significant
decrease in limb size and we sought to analyze whether this was due to a decrease in cell
proliferation and/or increase in cell death.
The earliest detected effect after grafting a ZPA to the anterior was an increase in
proliferation in the nearby mesenchyme (Cooke and Summerbell, 1980). Proliferation
within the ZPA was dependent on Fgfs from the AER and RA from the trunk (Chinnaiya
et al., 2014; Laufer et al., 1994; Mercader et al., 2000; Niswander et al., 1994; Niswander
et al., 1993). Cell proliferation is stimulated and then inhibited in the ZPA via Cyclin D2
and Bmp2-p27kip1 pathway respectively in chicken wings and this was shown to be
mediated by Shh (Pickering et al., 2019; Towers et al., 2008). Shh-/- and Shh conditional
knockout mouse limbs showed a general decrease in proliferation and an increase in cell
death without an obvious asymmetry (Chiang et al., 2001a; Zhu et al., 2008). The results
from Chapter 3 and Chapter 4 showed that EdU positive proliferating cells were present
throughout early axolotl limbs from ethanol treatments and CRISPR controls at stages 45
and 46 without any spatial restriction. While BMS-833923 treated and Shh knockout limbs
resulted in an overall decrease in proliferating cells, there was an evident lack of
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proliferating cells in the distal tip of the cyclopamine treated limbs that possibly led to the
loss of distal structures. Thus, the role of Shh in controlling cell proliferation during limb
development seems to be conserved in axolotls.
Vertebrate limbs show three main zones of cell death during early stages of
development: an opaque patch (OP) in the center, anterior necrotic zone (ANZ) and
posterior necrotic zone (PNZ) that overlaps with the ZPA (Fernandez‐Teran et al., 2006;
Hinchliffe, 1982). In a Shh-free environment, like in ozd mutants or after removal of the
posterior mesoderm, limbs lacked the PNZ, exhibited increased cell death in the OP and
the anterior border mesenchyme that extended into the distal mesenchyme, results which
underscore a role for Shh in regulating cell death (Ros et al., 2003; Todt and Fallon, 1987).
While endogenous Shh acted as inducer of cell death in the posterior of the limb, ectopic
Shh rescued cell death in the anterior and interdigital regions (Ros et al., 2003). Talpid3
mutant chickens showed diffusive Shh in the limb due to reduced patched expression and
this rescued cell death in the anterior, posterior and interdigital regions (Lewis et al., 1999).
Additional studies in chickens showed that the limb has a buffering system in the posterior
of the limb, mediated by apoptosis to control the number of Shh-expressing cells (SanzEzquerro and Tickle, 2000).
At stage 45, ethanol treated control limbs, control limbs from the CRISPR
injections and cyclopamine treated limbs did not show any cell death. On the other hand,
BMS-833923 treated limbs showed cell death in the proximal and distal parts and Shhguide RNA injected larval limb stumps showed cell death throughout. Unlike chicken and
mouse limb, wildtype axolotl limbs did not show any evident cell death at stages 45 or 46.
The inhibition of the hedgehog signaling by BMS-833923 treatments and Shh guide RNA,
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resulted in cell death posing a question on the existence of a buffering system of the Shh
expressing cells in the posterior part of an axolotl limb.

6.9

Shh-signaling appears to play a more dominant role in fish fin and urodele
limb development compared to amniotes
While spatial restriction of AER-Fgfs and Shh in the ZPA has been analyzed in a

spectrum of vertebrates ranging from fishes to mammals, molecular models for limb
development have relied almost exclusively on functional studies in chick and mouse
embryos (Chiang et al., 2001a; Chiang et al., 1996; Christen and Slack, 1998; Crossley et
al., 1996; Echelard et al., 1993; Heikinheimo et al., 1994; Leal and Cohn, 2016; Neumann
et al., 1999; Riddle et al., 1993; Scherz et al., 2007). The generalized model for vertebrate
limb development presents that Fgfs expressed from a morphological AER controls
proximal-distal outgrowth and skeletal patterning while Shh signaling emanating from the
ZPA controls anterior-posterior pattering of the limb. Results from Chapters 3 and 4 show
that urodele limbs, in some key respects, exhibit a derived mode of development in that
(1) they do not possess a morphological AER, (2) they do not possess a molecular AER as
Fgfs and dorsoventral patterning genes are expressed solely in the mesoderm, (3)
mesenchyme-restricted Fgf-signaling partially controls limb size and (4) Shh-signaling is
dominant where it controls outgrowth and morphogenesis of the entire limb
(Purushothaman et al., 2019; Tank et al., 1977).
Zebrafish genetic mutants, morphants and pharmacological treatments suggest that
reciprocal signaling between Fgfs in the mesenchyme and AER/AEF regulate early
pectoral fin development as is the case in amniotes, whereas Shh appears to play a more
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dominate role during fin bud outgrowth (Chen et al., 2001; Kawakami et al., 2004;
Neumann et al., 1999; Williams et al., 2015). Zebrafish smoothened mutants, sonic you
(syut4) null mutants and zebrafish larvae treated with the phosphodiesterase 4 antagonist
eggmanone that inhibits hedgehog signaling, showed no pectoral fin outgrowth similar to
the homologous paired axolotl appendage in Chapter 4 (Chen et al., 2001; Neumann et al.,
1999; Williams et al., 2015). Hand2 (upstream of Shh) is expressed at pre-AER stages
and a loss of function of this gene in the hands off mutant zebrafish led to the loss of
hoxd11, hoxd12, shh and tbx5 activation and ultimately the loss of pectoral fins (Yelon et
al., 2000b). While syut4 null mutants failed to develop any endoskeletal elements including
the scapula, syuq2524 hypomorphic mutants showed a reduction in cell number in the
anterior-posterior and proximal-distal axis suggesting that Shh is required for growth in
both these axes in zebrafish pectoral fins (Neumann et al., 1999). A study using genetic,
embryological and pharmacologic tools in zebrafish further showed that Shh is upstream
of Fgf-signaling and that Fgfs alone can induce cell proliferation in the pectoral fin bud,
in a Shh null environment (Prykhozhij and Neumann, 2008).
Previous pharmacological treatments using cyclopamine during amphibian limb
development phenocopied mutant limbs from mouse and chick studies (Chiang et al.,
2001a; Chiang et al., 1996; Kraus et al., 2001; Purushothaman et al., 2019; Satoh et al.,
2006; Scherz et al., 2007; Stopper and Wagner, 2007a). The only genetic loss-of-function
analysis of Shh-signaling in amphibians was done in newts where a 17-bp deletion in the
limb specific enhancer of Shh (i.e., Zone of Polarizing activity Regulatory sequence (ZRS).
Surprisingly, pectoral developed normally, a result that would appear inconsistent with
limb truncations observed from different types of ZRS deletions in mice (Kvon et al., 2016;
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Sagai et al., 2005; Suzuki et al., 2018). However, a study in medaka (Oryzias latipes)
showed that in addition to the canonical ZRS, a shadow ZRS (sZRS) controls Shh
expression in fish (Letelier et al., 2018). Only deletion of both enhancers resulted in the
complete loss of Shh expression and loss of pectoral fins (Letelier et al., 2018). Considered
together, the results from these studies point towards the existence of a shadow enhancer
for Shh in urodeles limbs similar to fishes.
The dose dependent inhibition of Shh-signaling in (i) syut4 null vs syuq2524
hypomorphic zebrafish mutants, (ii) canonical ZRS deletions vs canonical ZRS + sZRS
deletions in medaka and (iii) smoothened antagonism using drugs and Shh knockout
experiments in axolotls showed a range of paired appendage phenotypes like some
outgrowth with anterior-posterior patterning defects (under moderate Shh-signaling
conditions) or no outgrowth (under low to no Shh-signaling conditions). It would appear
then that Shh-signaling is more similar between fishes and urodeles than either are to
amniotes and it will be interesting to examine this hypothesis in sarcopterygian fishes.
Although, amphibians evolved novel pectoral structures like the ischium and the
autopodial endochondral skeleton, the basic structure of the stylopod, zeugopod and
associated musculoskeletal elements are thought homologous between amphibian limbs
and sarcopterygian fins (Esteve‐Altava et al., 2018).

Hence, functional studies in

sarcopterygian fishes, sister lineage to tetrapods, will give us better insights about the
change in gene functions that have occurred during fin to limb transition.
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6.10 Axolotls limbs might possess an alternate dorsal-ventral patterning program
Vertebrate paired appendages like the pectoral fin or forelimb buds have three main
axes: anterior-posterior, proximal-distal and dorsal-ventral, although alternative patterning
systems based on polar coordinates have been proposed (French et al., 1976). In models
for limb development based on morphogens and regionalized compartmentalization of the
limb (Meinhardt, 1983), interactions between molecular signals from all the three axes are
essential for appendage development. Chapter 3 showed that developing salamander limbs
differ from anurans and amniotes in that they lack an AER and Fgf-signaling occurs
entirely within the mesenchyme. Studies in chick and mouse have shown that genes
involved in dorsal-ventral polarity like Rfng and En-1 (Loomis et al., 1998; RodriguezEsteban et al., 1997) are involved in the induction and maintenance of the AER. Thus, we
sought to investigate whether these and other dorsal-ventral patterning genes were
expressed in the ectoderm or, similar to the Fgfs, were compartmentalized in the
mesenchyme during axolotl limb development.
Most limb development studies use non-regenerating models like chick and mouse
embryos and scant literature is available for information on other vertebrate embryos with
respect to dorsal-ventral patterning of the limb. During pectoral fin development in
zebrafish, wnt7a and eng1a are expressed in the dorsal and ventral ectoderm of the pectoral
fins respectively and lmx1b is expressed in the adductor muscle that corresponds to dorsal
limb muscles in amniotes (Hatta et al., 1991; Norton et al., 2005; Uemura et al., 2005).
Furthermore, studies in dackle (dak) zebrafish mutants showed that dak is expressed in the
epidermis of the pectoral fin bud and where it initiates AEF formation, induces fgf4 and
fgf8 expression in the AER and maintains en1 expression in the ventral non-ridge ectoderm
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(Grandel et al., 2000). This research also showed en1 expression in the zebrafish pectoral
fin bud is dependent on Fgf signals from the AER. While Xenopus limb buds present
conserved expression domains for En1 and Lmx1b in the ventral ectoderm and dorsal
mesenchyme respectively, they exhibit diffuse expression for Wnt7a and Rfng throughout
the ectoderm and mesenchyme (Christen et al., 2012; Christen and Slack, 1998; Matsuda
et al., 2001). Interestingly, Wnt7a is absent from the limb buds of the direct-developing
frog E.coqui suggesting it is not required for dorsoventral patterning in at least some
anurans (Gross et al., 2011). In the newt Notophthalmus viridescens, Rfng showed a noncompartmentalized diffuse expression throughout the limb bud mesenchyme (Cadinouche
et al., 1999). In axolotls, Lmx1b exhibits a conserved expression domain in the dorsal
mesenchyme while Wnt7a presents a non-compartmentalized diffuse expression
throughout the distal limb bud (Shimokawa et al., 2013). In Chapter 5, we characterized
the spatiotemporal expression patterns for all four dorsal-ventral polarity genes and report
that all the four genes are restricted in the mesenchyme and with the exception of Lmx1b
in the dorsal mesenchyme, none of the other genes showed compartmentalization within
the limb bud. Urodele limbs thus clearly deviate from the conserved expression patterns
of the dorsal-ventral polarity genes similar to the mesenchymal Fgfs.
The non-polarized expression pattern of most of the canonical dorsal-ventral
polarity genes during urodele limb development raises the question: “What controls the
dorsal-ventral patterning of urodele limbs?”. Experimental embryology performed at prelimb bud stages in urodeles, showed that the limb bud polarity along the anterior-posterior
and dorsa-ventral axes is set up in the limb field even before the limbs are visible (Harrison,
1915, 1918; reviewed by Stocum and Fallon, 1982). Stocum and Fallon in 1982 proposed
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the polarizing model where they used tail-bud stage urodele limbs to explain the initial
process of setting up a limb field from the limb mesoderm (Stocum and Fallon, 1982).
This forms the fundamental foundation for the downstream limb development and explains
the axial polarization. The model puts forward two zones of polarization that signal the
competent tissue, the free limb (FL): the posterior zone of polarization that sets up the
anterior-posterior axis and the dorsal polarizing zone sets up the dorsal-ventral axis in the
FL. Even before the limb buds emerge in urodeles, the anterior-posterior and dorsal
ventral axes of the limb rudiment is determined simultaneously between at stages 33 and
35 by these two polarizing zones. These studies suggest that dorsal-ventral patterning in
urodele could be driven by these very early signals and might not be required at later time
points.
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FELLOWSHIPS, GRANTS, AWARDS
2020
2020
2019
2019
2019
2019

2018
2018
2018
2018
2018

2018
2017
2016

Biology Summer Fellowship, Department of Biology and the Graduate
school, University of Kentucky-$2999
Society for Developmental Biology travel fellowship; to attend MBL
practical course developmental biology, Quintay, Chile- $500
Sherr special opportunity award, Department of Biology, University of
Kentucky; to attend MBL practical course developmental biology,
Quintay, Chile-$1334
EMBO Travel Grant to attend the EMBO Workshop: Limb Development
and Regeneration: New Tools for a Classic Model System, Barcelona,
Spain- 200 Euro
Biology Summer Fellowship, Department of Biology and the Graduate
school, University of Kentucky- $4667
Travel award, Department of Biology and the Graduate school, University
of Kentucky; to attend EMBO Workshop: Limb Development and
Regeneration: New Tools for a Classic Model System, Barcelona, Spain$1015
Ribble mini grant, Department of Biology, University of Kentucky- $700
Society for Developmental Biology student/postdoc travel award; to attend
the SDB 77th annual Main Meeting, Portland, OR, USA- $200
Travel award, Department of Biology and the Graduate School, University
of Kentucky; Society for Developmental Biology 77th Annual Meeting at
Portland, Oregon, USA- $876
Travel award, Department of Biology and the Graduate School, University
of Kentucky; Mid-Atlantic Regional Society for Developmental Biology
Meeting held at the University of Virginia-$109
Sherr special opportunity award, Department of Biology, University of
Kentucky; to work at the Monaghan lab (Northeastern University, Boston,
MA) to learn CRISPR based gene knockout technique in Ambystoma
mexicanum-$1080
Morgan Graduate Fellowship, Department of Biology, University of
Kentucky-$12000
Travel award, Department of Biology and the Graduate school, University
of Kentucky; to attend the 14th International Conference on Limb
Development and Regeneration, Edinburgh, United Kingdom- $1133
Society for Developmental Biology student/postdoc travel award; to attend
the SDB 75th annual Main Meeting, Boston, MA, USA- $200
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2016
2012
2011-2012
2010

Travel award, Department of Biology and the Graduate School, University
of Kentucky; to attend the SDB 75th annual Main Meeting, Boston, MA,
USA- $900
University Fourth position in M.Sc., Biotechnology
University Grants Commission Scholarship for University first rank
holder- INR 20000
University First rank holder in B.Sc., Zoology

PROFESSIONAL POSITIONS HELD
Spring 2020
2019-2020
Spring 2019
Spring 2018
2017-2018
2017-2018
2017
Fall 2017, Fall 2019, Fall 2020
Fall 2015
Spring 2015, Spring 2016
Fall 2014
2012-2014

Developmental Biology (BIO 429), teaching
assistant and guest lecturer
Graduate Affairs Committee, Department of
Biology, University of Kentucky, Graduate student
representative, student representative
Developmental Biology (BIO 629), teaching
assistant and guest lecturer
Developmental Biology (BIO 529), teaching
assistant and guest lecturer
Vice president- Biology Graduate Student
Association
Faculty Search Committee, Regenerative Biology
and Stem Cells, Department of Biology, University
of Kentucky, graduate student representative
Coordinator, Direct Donations, Biobonanza science
outreach program, Biology Graduate Student
Association, University of Kentucky
Intro to Cell Biology Lab (BIO 315), teaching
assistant
Intro Microbiology Lab (BIO 209), teaching
assistant
Bioart (A&S 300), teaching assistant
Introductory Biology (BIO 155), teaching assistant
Research Fellow, CSIR-Centre for Cellular and
Molecular Biology, Hyderabad, India, Mentor: M.
Mohammed Idris, PhD
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